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Guide for Readers 


Bdsk plan of the encyclopedia 

The subject matter of the various disciplines or 
branches of science and technology is organized 
systematically: a general article provides a broad 
survey of the field, and a number of separate articles, 
alphabetically arranged, cover its main subdivisions 
and more specific aspects. 

In general, each article begins with a definition of 
the title that states its scope and coverage. Usually, 
only the scientific or technological sense is discussed. 
Most of the articles, after this statement, go on to 
increasingly complex and detailed considerations. A 
reader thus needs to proceed only as far as his 
inclinations and requirements dictate. 

Cross references guide the reader from general 
articles to the other articles into which the subject 
is subdivided, and from these to articles on more 
highly specialized phases of the subject. The cross 
references — there are about 50,000 of them — ^are 
printed in capital letters so that they can be easily 
recognized. By means of thv cross references a 
reader may find his way from Ellcirical encinegr- 
iNc, through Electronics and Valuiiw tube, to 
Electron motion in vacuum or Ele< iron emis* 
SION. Or, following another line of cross references, 
the reader would be led to Electric power sys- 
tems, Transmission lines, Electromagnetic 
wave, and so on. 

Every phylum, class and order in the plant and 
animal kingdoms is allotted a separate article. 
Many of the more common families, giuera, and 
species are covered either in one of the order 
articles or in a separate aifiele under its own 
scientific or common name. 

There ate two indexes to information in the ency- 
clopedia, both of them in Volume 15. The compre- 
hensive index, with its 100,000 entries, offers an 
analytical breakdown; the topical index groups the 
more than 7200 article titles under nearly 100 gen- 
eral headings, to enable the readw to identify 
qukkly the articles in a subject areiu 

Most of the longer articles contain bibliographies 
citing useful soijroes of fiirther information. For ad- 
ditional bibliographical citations, the reader should 
refer to related articles (as indicated by the cross 


references in the article) . Bibliographies are placed 
at the ends of articles or sometimes at the ends of 
major sections in long articles. 

A list of initials and names of the contributors to 
the encyclopedia is to be found in Volume 15. This 
list will permit quick identification of a contribu- 
tor’s initials after an article. Immediately following 
this list is a second list of encyclopedia contributors 
with their affiliations and the titles of articles each 
has written for the encyclopedia. 

How titles are alphabetized 

Words used as titles are, wherever jMMsible, given 
in the singular to permit a consistent alphabetic 
arrangement. Titles are alphabetized by word and 
not by letter; for example. 

Earth sdences 
Earth tidaa 
Earthmovar 
Earthquaha 

A word used as a noun precedes the same word used 
adjectivally: thus, 

Mercuiy (element) 

Mercury (planat) 

Mercury battery 

or 

Circuit, aiactrenlc 
Circuit breaiiar 

Hyphened terms are alphabetized as single words; 
for example. 

Animal vbua 
AnbnaMbed composition 

Electric** and ^electrical** • 

The adjectives electric and electrical ore need b 
the following senses. Electric — containing, ptodoc- 
ing, arising from, actuated by, or carrying elactib* 
ity, or capable of doing sO; os, for instance, deetrh; 
generator, electric motor, electric wiring. Eleetried 
-—related to, pertaining to, or associated wiith dee* 
tririty, but not having its properties or duuraeter> 
istics; as, for example, dectrioal code, electricil 
engineering. 
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Sable to Spimdosa 


Sable 

A North American carnivore, Maries amencana, of 
the family Mustelidae. Thib animal, also called 
marten, is found in the dense coniferous forest 
across Canada and Alaska, southward to northern 
New York and New England, and in the western 
mountains. The marten is an active, arboreal pi eda- 
toi, about 24-27 in. long, yellowish-brown above, 
slightly paler below, and with a buffy throat patch. 
The fur is dense, soft, and of high quality It is 
rather easily trapped, and is now rare, or extinct, 
over much of its original range. In spite of their 



The sable, or marten, Martes amencana; length 17 in. 
(From £, L Palmer, FieldbooL of Natural History, 
McGraw-Hill, 1949) 


size, martens are agile, biiccessfully pur^ *ng squir- 
rels through the tree tops but also piejng upon 
mi( e and other animals. .See Carnivora. [ j o.b. | 

Saccharin 

An organosulfur compound first prepared by Ira 
Remsen, and also called o-sulfobenzoic imide (II ) 
The material used as a sweetening agfot (about 
SOO-700 times as sweet as cane sugar) h the so- 
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dium salt (III), which passes largely unchanged 
through the body and is excreted in the urine. The 
slightly bitter aftertaste of sodium saccharin is 
mainly that of impurities from the conventional 
synthesis, and can reputedly be avoided by new 
syntheses (starting from anthranilic acid or ben- 
zothiophene). Saccharin is used *n food preparation 
for low-caloric diets and in diabetes therapy, where 
normal sugais cannot be tolerated. Sodium sac- 
charin is also compounded \^th the more recent 
sweetening agent, Succaryl. See Organosulfitr 
compound; Sulfamate. [n.k.] 

Saccharomycetaies 

An ordpr in the subclass Hemi-Asromyretes, which 
accommodates the ascosporogenous yeasts. The 
name Endomycetales is a synonym which should 
be discontinued in favor of Saccharomycetaleb for 
reason of priority. The order has one family, the 
Saicharomvcetaceae The order and family are 
characterized by the prehence of naked asci in 
which sporeb are formed by free cell formation; 
diploidization immediately precedes ascus forma* 
tion or occurs directly after or during ascospore 
germination; a dikarvotic condition and ascoge* 
nous hyphae are absent. The family is usually di- 
vided into five subfamilies, mainly on the basis of 
vegetative reproduction See Ascomycetes; Yeasi. 

EremascoMeae. This subfamily contains only the 
genus Eremasrus, The mycelia are mostly septate 
and the asci are spherical with eight oval to round 
ascospores. Conjugation bv specialized hyphae 
(gametangia) precedes ascus formation. 

EndomycatoMaaa. This subfamily is composed 
of two genera, Endomytes and Schizosaccharo- 
myces. Endomyces forme a septate mycelium, which 
splits up into arthrospores. Asci are formed on the 
hyphae after conjugation and contann four hat- 
shaped or hemispherical spores. In Schizoaaccharo- 
myres the mycelium is usually much reduced and 
the thallus normally consists of arthrospores only. 
It is a typical fission yeaft. Asci contain four or 
eight spores, depending on the species. Conjuga- 
tion precedes sporulation. 

SaccharomycoloidiM. This subfamily comprises 
the genera Endomycopsist Saccharomyces^ Fichia^ 
Hansenula^ Debaryomyces^ SchtvmniomyeeSt Sac- 
charomycopsis^ Saccharomycodes^ Hpnsemaspora^ 
and Nadsonia. In the genus Endomyeapiis a septate 
mycelium is found as well as budd^ cdla^ De- 
pending on the species, the spores eJ^B hatesdiepedf 
sickle-shaped, round, or oval. Some s pe oi ei^are hat- 
erotballic. ' 



2 Soccophaiyn^ifoniiM 

Saccharomyces species have either simple bud* 
ding cells or a pseudomycelium and sometimes 
both. Spores are round, oval, or kidney-shaped. 
There are 1-4 spores per ascus. The species are 
haploid or diploid in chromosome number, the me- 
tabolism is fermentative and oxidative, but surface 
pellicles are not formed. 

Pichia species may or may not form pseudo- 
' mycelium or surface pellicles, although the com- 
mon species isolated from various foods produce 
both. They are usually oxidative; the spores are 
hat-shaped or round. 

Hansenula is similar to Pichia but it is the only 
genus of the Saccharomycetaceae in which all spe- 
cies utilize nitrate as the sole nitrogen source. 

Debaryomyces species usually have spherical 
budding cells with a haploid chromosome number. 
Normally a single warty spore is formed per ascus. 
They are principally oxidative yeasts. 

Schwanniomyces has oval budding cells (hap- 
loid) and usually forms a single warty spore, con- 
taining a ledge and a large lipid globule. The me- 
tabolism is mainly fermentative. 

Saccharomycopsis has large, elongate, budding 
cells (diploid) and grows only at .37°C. It has 1-4 
oval ascospores per ascus. It has unusual nutrient 
requirements and is weakly fermentative. 

Saccharomycodes has apiculate cells (diploid) 
and four spherical spores per ascus. It is mainly 
fermentative. 

Hanseniaspora also has apiculate cells (diploid) 
and forms either four hat-shaped spores or a single 
round spore depending on the species. This genus 
is mainly fermentative. 

Nadsonia is a haploid apiculate yeast, forming a 
single spiny spore per ascus. It is oxidative (pellicle 
formation) or fermentative. 

Nematosporoideae. The only genus in this sub- 
family which has been studied in culture is Nema- 
tospora. It formo mycelium and budding cells. The 
asci contain eight spindle-shaped ascospores, each 
containing a whiplike appendage. The metabolism 
is fermentative as well as oxidative. 

Lipomycatoideae. This subfamily contains the 
single genus Lipomyces characterized by budding 
cells and a saclike appendage, which develops into 
an ascus containing up to 16 brownish ascospores. 
Its metabolism is only oxidative. rH.j.p.] 

Bibliography: J. Lodder and N. J. W. Kreger 
van Rij, The Yeasts — a Taxonomic Study ^ 1952. 

Saccopharyngiformes 

A small order of teleost fishes, the gulpers, highly 
modified for life in the deep seas. This order was 
formerly the Lyomeri. They have been regarded as 
related to eels but are more likely allied to the 
Myctophifurmes. Their degenerative adaptations 
include loss of opercular bones, branchiostegal 
rays, swim bladder, pelvic and caudal fins, scales, 
and ribs. One genus reportedly lacks the upper 
Jaw. The tremendous mouth is greatly modified 
structurally, the eyes are tiny and placed far for- 
ward, the gill openings are minute, and the pharynx 



Gulpar, Eupharynx bairdi. (After G. fi. Goode and 
T. H. Bean, Oceanic Ichthyology, Mem, Museum Comp. 
Zoo/., Yol. 22, U.S. Natl. Museum, 1895) 


is enormously distensible. The tail is slender and 
tapering (see illustration). Gulpers are rare oce- 
anic fishes and are clgjBsified in three families, 
three genera, and nine species. One is reported to 
attain a length of 6 ft. See Actinopterygii. [ R.M.B.] 

Safe 

A protected place. A bank safe is fireproof, strongly 
built, and equipped with a well-locked door. A 
furrier’s safe provides, in addition, cooling, ventila- 
tion, and protection against insects. A safe or vault 
is a complete structure, the walls, floor, and ceiling 
being as much a part of the protective features as 
the more conspicuous door. For utmost protection, 
a vault is so large and heavy that it cannot be re- 
moved. Combination locks eliminate the kd)rhole as 
a weakness, and eliminate the key, which could be 
stolen or duplicated. A time clock built into the 
locking mechanism unlocks the vault entirely from 
the inside; The time lock operates only after the 
elapsed time, set when the vault was closed. 

Walk-in vaults are furnished with shelves, locked 
drawers, and cabinets for systematic and compact 
storage of valuables. The vault may be air con- 
ditioned and may have a telephone extension in- 
side. f F.H.R.] 

Safety factor 

An empirical number by which the strength of a 
material is divided to obtain a conservative design 
stress. A safety factor is used because of uncer- 
tainties in operating conditions that may be en- 
countered, nonuniformities in materials, simplify- 
ing design assumptions, effects of aging su^ as 
corrosion, and strains introduced inadvertently 
during fabrication and transportation and because 
of the seriousness of failure. Safety factors vary 
widely depending on the material, consequences of 
failure, and operating conditions. For ductile ma- 
terials, safety factors applied to yield strength are 
often between 1.5 and 4. For brittle materials that 
fracture with no prior evidence of incipient failure, 
factors of 5-8 may be appropriate. rw.j.KR.] 

Safety glass 

A laminated glass consisting originally (1905) of 
two sheets of glass glued to a middle sheet of 
celluloid. By 1950, safety glass was made almost 
exclusively of two sheets of plate glass laminated 
with polyvinyl acetate resin, a plastic that makes 
an extraordinarily tough film on setting Modern 
safety glass will not* shatter, and thus prevents 
many deaths and serious injuries. Triplex glass is 



standard in automobile windshields, and is used in 
other applications, including locomotives and 
steamships. In thinner versions, it is found in some 
goggles and glasses. Multiple-laminated (bullet- 
proof) glass 1 in. thick or thicker is common in 
armored cars and in the pressurized cabins of 
certain aircraft. Heat-treated glass is substituted 
for the laminated as a safety glass in the side and 
rear openings of many American automobiles; and 
wire glass is also occasionally called safety glass, 
particularly when used to prevent shattering by 
fire in buildings. See Glass and glass products. 

[c.co.] 

Safety lamp 

A protected-flame lamp for testing the safety of 
mine atmospheres. It is used particularly to detect 
methane-air mixtures (firedamp), but it also indi- 
cates oxygen-deficient atmospheres. 

The forerunners of present-day flame safety 
lamps resulted from the eighteenth century investi- 
gations of three British scientists — Sir Humphry 
Davy, W. R. Clanny, and George Stephenson — who 
attempted to provide safe, portable illumination for 
their country’s coal mines. By today's standards 
these first safety lamps are not considered safe — 
either for light or for detecting unsafe gaseous 
atmospheres. 

Only two types of flame safety lamps— the Koeh- 
ler and the Wolf — are used in American mines. 
Several models of each have been approved as “per- 
missible” by the U.S. Bureau of Mines. The prin- 
cipal elements of a modern safety l.^mp are a metal 
base containing fuel, a wick, a globe, double 28- 



Safely lomp: (o) Wolf pormlMtbla Flame Safety Uw^. 
(b) Koehler permitilble Plome Safety Lamp. 
rmau it Miima) 
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mesh wire gauzes, gaskets, a metal bonn^, an in- 
ternal igniter, and a magnetic lock to prevent dis- 
assembly of lamps except at an authorized place, 
such as a lamphouse. 

The lamp’s safety principle is that the hot prod- 
ucts of the combustion of a methane-air mixture 
burned inside the lamp are cooled below the igni- 
tion temperature of the surrounding atmosphere by 
passing through the gauzes. 

Methane-laden atmospheres are tested with nor- 
mal, luminous flame, approximately %-l in. high, 
or with nonluminous flame. Flammable methane- 
air mixtures will burn inside the lamp and elongate 
a normal flame. By turning the wick down so that 
only blue (nonluminous) flame shows, a blue cap 
(cone) will form above the flame when the lamp is 
inserted into a methane-air mixture. As methane 
content increases, the flame or the cap will lengthen 
until the lower explosive limit (5% methane) is 
reached. Experienced persons can, detect as little 
as 1 % methane. 

In normal air a luminous flame bums brightly. 
When an atmosphere is deficient in oxygen, the 
flame will be dim. The lamp will not burn in a 
methane-free atmosphere containing less than 16% 
oxygen. [m.j.a.] 

Bibliography: J. W. Paul, L. C. llsley, and E. J. 
Cleim, Flame Safety Lamps, U.S. Bureau of Mines 
Bulletin 227, 1924. 

Safety valve 

A relief valve set to open at a pressure safely below 
the bursting pressure of a container, such as a 
boiler or compressed air receiver. Typically, a disk 
is held against a seat by a spring; excessive pres- 
sure forces the disk open. Construction is such that 
when the valve opens slightly the opening fdree 
builds up to open it fully and to hold the valve 



inlet 


Typical tafe^ valve. 

open until the pressure drops a predetermined 
amount, such as 2-4% of the opening pressure. 
This differential or blowdown pressure and the ini- 
tial relieving pressure are adjustable. Adjustments 
must be set by licensed operators, and setl^gs must 
be tamperprooi The ASME Better 
Code gives typical requizemeiits for safety 
See Yaive. - ; 


4 


Sdffloirar 

This plantt Carthamnu^ tinciorius, ia an annual 
thiatlelike herb belonging to the composite family 
(Compoaitae). A native of India, the plant haa be- 
come one of the important crops of the tropica, and 



SciflRo%^r« Carthamnus tmetorius. (USDA) 


a new crop of the Great Plains in the United States 
and Canada. The leaves are sometimes used as 
salad. The flowers >ield two dyes, a red and a yel- 
low, used in the coloring of fabrics; the red is also 
used in rouge. The seed is processed into a vege- 
table cooking oil used in cardiac and hypertension 
diets. See Campanulales. |p.d.<».| 

Saffron 

This plant, Crorus sativus, ia a member of the iris 
family (Iridaceae). A native of Greece and Asia 



Saffron (Crocus saftyus). 


Minor, it is now cultivated in various parts of Eu- 
rope, India, and China. This crocus is the source of 
a potent yellow dye used for coloring foods and 
medicine. The dye is extracted from the styles and 
stigmas of the flowers, which appear in autumn. 
Four thousand flowers are required to produce one 
ounce of the dye. See Liliales. Lp.d.s.] 

Sage 

This plant, Sa/via officinalis^ is a member of the 
mint family (Labiatae), the leaves of which yield a 
spice and an aromatic oil. It is a half-shrub native 
to the Mediterranean region but is now widely 



Sage (Salvia officinalis), (USDA) 


cultivated. It is much used as a flavoring in stuffing 
for fowl and in meats, especially sausage. Oil of 
sage is used in making perfumes. See Tubiflo- 
RALES; see also Spice and flavoring. rp.D.s.] 

Sagittarius 

The Archer, in astronomy, is a zodiacal and sum- 
mer constellation, the major portion of which lies 
directly in the Milky Way. Sagittarius is the ninth 
sign and the southernmost constellation of the Zo- 
diac. In mythology, it is represented by a centaur, 
Chiron, drawing his bow to release an arrow. Its 
most prominent feature is a star group commonly 
called the little Milk Dipper. It is an inverted dip- 
per with four stars to form the bowl and one to 
form the handle. The Milky Way in Sagittarius is 
very bright, containing rich star fields and clusters, 
because its direction lies in the center of the Milky 
Way stellar system. See Constellation. 
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Sailplant 

An unpowered heavier-thaa-air vehicle. As com- 
pared to a glider, the high gliding ratio and low 
sinking speed of a sailplane permit advanced soar- 
ing flight. It represenu a high degree of aerody- 
namic and structural refinement (Fig. 1). The de- 
sign of sailplanes has progressed to a point where 
glide ratio has reached 33:1 for normal airfoils 
and 42:1 for laminar flow airfoils. Sinking speeds 


Fig. 1. High-performance sailplane 


as low as 1.6 ft/sec have been achieved. The uaefnl 
perfonnance of a sailplane cannot be measored 
only by its maximum glide and minimum sinking 
speed because its operation is complicated by 
natural conditions. Although a light wing loading 
results in lower speed, and hence lower sinking 
speed, the necessity for safe structure and reason- 
able size limits this tendency of design. The low 
wing loading seriously limits the usable speed 
range. The modem trend is towards high wing 
loadings which tend to increase the sinking speed 
but permit the use of higher aspect ratios. His 
results in higher glide ratios and greater speed 
range, but also in large minimum circling diameter, 
which is a handicap fur thermal soaring. 

Sailplane competition flying requires ability to 
fly specified courses, such as to specific goals, goal 
and return, and triangular courses. Under such 
conditions, with strong winds, a slow sailplane is 
often handicapped as compared with a hi^-speed 
sailplane. Figure 2 shows the effect on performance 
of varying wing loadings on a hypothetical sail- 
plane. The three sets of curves are for aerody- 
namically identical vehicles with different wing 
loading*) and show the glide rates in still air and 
with headwind, and the sinking speed, which is not 
affected by horirontal winds. Cruising speed is also 
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Fl«. 2. PwfornranM of tkrat hypothotkol Milplomi, Montlcal exeapt for dUhront wing loodingi. 
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shown. This is the speed at which the sailplane has 
a sinking speed of 2 m/sec. In actual practice, 
speeds may be higher or lower, depending on the 
strength and frequency of the thermal conditions. 
Optimum performance of a sailplane can be 
achieved only by a highly skilled pilot, because 
pilot experience, technique, and meterological 
knowledge are important factors. See Glider. 

[e. schweizerI 

Saint Elmo’s fire 

A type of corona discharge observed on ships under 
conditions approaching those of an electrical 
storm. The charge in the atmosphere induces a 
charge on the masts and other elevated structures. 
The result of this is a corona discharge which 
causes a spectacular glow around these points. This 
effect was accentuated by the contours of early 
sailing vessels, which usually had several masts and 
much rigging. The display thus created under 
darkened conditions was quite striking. The effect 
was not understood through much of that era and 
led to much superstition on the part of sailors. See 
Corona discharge. [c. h. miller] 

Salamander 

Any member of the amphibian order Caudata, fre- 
quently also called Urodela. Salamanders are found 
throughout most of the temperate part<« of the 
Northern Hemisphere and southward into South 
America. The United States has representatives of 
7 of the 8 families, and 86 species, or about one- 
third of the known total. Salamanders are most 
abundant in the eastern part of the United States 
and along the Pacific Coast. The southern Appa- 
lachian region is the major distribution center for 
salamanders in the United States. 

Salamanders appear to have retained the essen- 
tial primitive traits of the amphibians but are 
greatly modified from the ancestral forms, espe- 
cially in the total absence of scales or other exo- 
skeletal structures. They have tails and usually 
four well-developed legs, but several species have 
undergone varying degrees of leg reduction. Sala- 
manders are commonly mistaken for lizards, but 
their slimy, scaleless skin readily distinguishes 
them from the dry-skinned, scaly lizards. 



Solomander. (o) Vermillon-spottad newt, Trifurus viri- 
degcMSf length to 4 in. (b) Tiger, Ambystoma figrinum; 
length to 10 in. (From E. L Palmor, FioUbook of Nafth 
ral History, McGrow-Hiff, 7949) 


The young of salamanders have external gills 
and are essentially like other amphibian tadpoles. 
A few species are permanent tadpoles and possess 
both external gills and lungs as adults. Most others 
leave the water when they become sexually ma- 
ture, and lose their gills. However, the tiger sala- 
mander may or may not transform into a land form, 
depending upon environmental factors. Some spe- 
cies have lost their lungs and respire entirely 
through the skin and pharynx. 

Salamanders feed primarily upon insects, crusta- 
ceans, and earthworms, but will eat whatever ani- 
mal food they can catch. Individuals of some spe- 
cies are cannibalistic. They are mostly nocturnal. 
As adults, most salami^nders are either terrestrial 
or aquatic ; a few are aAoreal. Several are efficient 
burrowers. Some of the aquatic species show a 
tendency toward reduction or loss of the legs. 

Certain salamanders, notably some of the newts 
and Plethodon salamanders, are brilliantly colored. 
The aquatic adult of the common newt of the east- 
ern United .States is beautifully marked with black 
spots, some bordered with brilliant red, over a 
ground color of olive green. The immature, terres- 
trial form, commonly called an eft, is orange-red 
above, yellow to orange below, and marked with 
similar crimson bordered black spots. Several oth- 
ers are equally brilliant. See Caitdata^ Hfii- 
bindlr; Mud puppv. | j. d. black] 

Salamandroidea 

The largejjg suborder of the Caudata. the sala- 
manders, with some 250 species in 5 families and 
49 genera. All living salamanders belong to this 
group except the members of the suborder Crypto- 
branchoidea which have external fertilization and 
lack the fusion of the angular and prearticiilar 
bones of the lower jaw seen in higher forms, and 
the .suborder Meantes, neotenic forms lacking hind 
limbs. 

Ambyatomatidae. The family Ambystomatidae, 
sometimes considered as a separate suborder Am- 
bystomoidea, is composed of 5 genera and 30 spe- 
cies limited in distribution to North America. The 
genus Amhystoma^ with 21 species, is the largest 
and most widespread of the family. They range 
from southern Alaska to Mexico and from the At- 
lantic to the Pacific. The tiger salamander Am- 
bystoma tigrinum, in a variety of subspecific forms, 
is found from southern Canada to Mexico and over 
most of the United States. It lives in both arid and 
humid regions and is the only salamander in much 
of the region of the Great Plains and the Rocky 
Mountains. Heavily forested regions of western 
North America are the home of the Pacific giant 
salamander, Dicamptodon, This largest of terres- 
trial salamanders may attain a length of 1 ft. All 
ambystomatids have aquatic larvae, but adults are 
typically terrestrial, returning to the water only to 
breed. However, neoteny is of frequent occurrence 
in the family. The famed axolotl of Mexico, which 
is neotenic in the natural state but will transform 
in captivity, is an ambystomatid, Siredon mexi- 
canum. See Neoteny. 



Saiamandridae. The family Salamandridae of 
North America, Europe, and Asia includes 40 spe- 
cies in 16 genera. The majority of forms are Eura- 
sian, with only two genera and six species found in 
North America; Taricha on the Pacific Coast and 
Diemictylus in the eastern United States and 
northeastern Mexico. These genera arc endemic 
to North America, although a more simplified clas- 
sification places several American and Eurasian 
genera in a single genus, Triturus. The newts, as 
these forms are called, are often strikingly colored 
animals with brilliant red or orange underparts 
and darker brown or green upper surfaces. All 
newts have an aquatic larval stage, while the adults 
arc variously aquatic or terrestrial, according to 
species. A complicated life history is shown by the 
red-spotted newt of eastern North America, in 
which there is a land-dwelling stage, the red eft, 
commonly but not always interposed between the 
aquatic larval and the aquatic adult stages. Al- 
though most salamanders are nocturnal, the red 
eft and adults of the genera Taricha and Diemic- 
tylus are often found walking about in daylight. 
These animals seem to be almost immune to attack 
by predators, possibly because of noxious skin se- 
cretions. 

The salamanders that bear the generic name 
Salamandra are two European species with breed- 
ing habits that are peculiar for salamanders. Snla- 
mandra atra, a high mountain form, retains the 
eggs and larvae within the body until they emerge 
as fully transformed young. Salamandra salaman- 
dra, a species of lower elevations, gives birth to 
larvae. Tn both species highly developed gills en- 
able the larvae to absorb oxygen fr< ni the maternal 
oviduct. 

Amphiumidae. Two large, eel-like salamanders 
of the southea.stern United .States arc the only 
members of the family Amphiiimidae. The.sc? ongo 
eels of the genus Amphiuma are partly neotcnic 
aquatic animals with very tiny limbs of no use in 
locomotion. 

Plethodontidae. The family Plethodontidae is a 
large and diverse group of about 175 species and 
24 genera characterized by the absence of lungs 
and the presence of a fine groove from nostril to 
upper lip. With the exception of two species of 
Hydromantes in Europe, the furflily is wholly 
American. Three species of this genus are found in 
California, but the greatest concentration of gen- 
era and species is found in the eastern United 
States, with a secondary center in Mexico and 
Central America. The few species found in South 
America are the world’s southernmost. 

The lungs are reduced or absent in some sala- 
manders of other families, but this feature is con- 
sistent only in the Plethodontidae. It is thought 
that the absence of luhgs serves a hydrostatic func- 
tion in stream-dwelling salamanders, and for this 
reason plethodontids arc thought to have evolved 
from ancestors with such habits. However, the 
present-day members of this family are an ecologi- 
cally diversified group. A majority of the species 
are terrestiiid and lay eggs that develop directly 
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Plethodontid salamanders, (o) HydromanfBS Ifalkut, to 

65 mm. (b) Aneides fugubris, to 100 mm. (c) Botro- 
choseps aftenuafus, to 62 mm. (d) Euryega lucifuga, to 

66 mm. (e) Desmognathus quadramaculafus, to 104 mm. 
(f) Typhlotrifon spgiaeus, to 77 mm. (g) Gyrinophilut 
porphyritkus, to 136 mm. {From G. K. Noblo, Tho Bh 
ology of fho Amphibia, Dover, 1954) 


into .salamanders with adult morphology, skipping 
the aquatic larval stage. Other forms have aquatic 
larvae and terrestrial or aquatic adults. Many 
tropical species are arboreal, living in air-plants, 
bromeliads, that retain moisture in dry seasons. At 
the other extreme are iieotenic, subterranean spe- 
cies that come to light only when a cave is ex- 
plored or a deep well dOg. 

The salamanders of the families Proteidae and 
Necturidae were formerly grouped together in the 
suborder Proteida, but it is now thought that the 
similarity between them does not signify espe- 
cially close relationship. Both Necturus^ wi^ three 
species In the eastern United States, and Proteus^ 
with a single species in southeastern Europe, are 
permanently larval, or neotenic, types, fiecturus 
lives in streams and lakes, while Proteus Js a sub- 
terranean form found only in underground waters. 
5ce CaUDATA. [a. G. tWEIFEL] 

Salenioida 

An order of Echinacea in which die apicijl sys^ 
includes one or seversl large angular plaici ooyctr* 
tng dm periproet, with the other 4iar«eteii4 
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to those of the hemicidaroid urchins. There are two 
families: (1) The Acrosaleniidae, an extinct group 
confined to the Jurassic and Cretaceous, had the 
anus displaced to one side of the periproct as a 
result of the unequal growth of the suranal plates 
covering the periproct; the tubercles were perfo- 
rate and crenulate. (2) The Saleniidae, in which the 
tubercle^ are imperforate, ranged from the Jurassic 
onward, with two surviving deep-sea genera. See 
Arbacioida; Echinacfa; ErniNoiDFA; HiMiriDA- 
ROIDA. Fh.B. l-tLLl 

Salicales 

An order of the plant subclass Dicotyledoneae. 
having a single family (Salicaceae). There aie 2 
genera (Sahx and Populus) with about 340 species 
of shrubs and trees. Tlie group is verv widely dis- 
tributed with the main center of distribution in the 
north temperate zone. The plants are dioecious. 
Flowers are naked and borne in pendant catkins 
Salix^ including the willows (300 species) and 
Populus^ including the poplars, aspens, and cotton- 
woods (40 species), are economically important. 
Some are timber trees, some are used as ornamen- 
tals, and others haye tough, pliant twigs used in 
basketry. S, alba yields salicin, a glucoside used in 
medicine. See Popiar; Willow; sec also Dicot- 
yledoneae; Embryophyta. f p. d. straitsbaiighI 

Saliqrlate 

A salt or ester of salicylic acid having the general 
formula 

0 

/ 

(o)-C,H,(OH)C— Q-M or — R 

and formed by replacing the carboxvlic hydrogen 
of the acid by a metal (M) to give a salt or by an 
organic radical (R) to giye an ester. Alkali-metal 
salts are water soluble; the others, insoluble 
Sodium salicylate is used in medicines as an 
antirheumatic and antiseptic, in the manufacture 
of dyes, and as a preservative (illegal in foods). 
Salicylic acid is used in the preparation of aspliin. 
The methvl ester, the chief component of oil of 
wintergreen, occurs free and as the glycoside in 
many plants. This ester is used as a pharmaceuti- 
cal, flavoring agent, and odorant The phenvl ester 
(salol) and others are used medicinally .See As- 
pirin. r E. H. H adlly] 

Salientia 

One of the three living orders of the class Am- 
phibia which includes the frogs and toads. A frog, 
a common name that may be used for any salien- 
tian, differs most obviously from a salamander in 
lacking a tail; thcrefoie, frogs are also known as 
anurans. Usually, the frog has long hind limbs 
adapted for the hopping locomotion so characteris- 
tic of members of the order. There can be no con- 
fusion of frogs with the limbless caecilians, mem- 
bers of the third order of amphibians, the Gymno- 
phiona, 

Morpholocjf. Frogs are short-bodied animals, 
usually with long hind limbs, a large mouth, and 



Fig 1. The principal types of vertebral columns of 
the Salientio. (o) Amphicoelous — Ascaphus fruei, 
(b) Opisthocoelous — Alyfes oksfetricans, (c) Opistho- 
coelous with* fused coccyx — Xenopus fropicalis (d) An- 
omocoelous-— Scophfopus couchii, (e) Procoelous— - 
Atelopus vanus. (f) Diplosiocoelous — Rana virgafipes. 
The vertebral columns ore viewed from the ventral os 
pect. (From G. K, Noble, The Biology of the Amphibia, 
Dover, 1954) 

protruding e>es. The externally visible part of the 
ear, absent in some forms, is the round, smooth 
tympanum situated on the side of the head behind 
the eve. There are five digits on the hind feet and 
four on the front. Teeth may be present on the up- 
pei jaw and the vomerine bones of the roof of the 
mouth, but are found on the lower jaw of only one 
species. Often teeth are totally lacking, as in toads 
of the genus Bufo. 

The short vertebral column (Fig. 1) consists of 
from six to ten vertebrae, usually nine, and the 
elongate coccyx. The sacral vertebra precedes the 
coccyx and bears more or less enlarged lateral 
processes with which the pelvic girdle articulates. 
A chaiar teristic feature of frogs is the fusion of the 
bones in the lower arm and lower leg, so that a 
single bone, the radio-ulna in the arm and the 
tibio-fibula in the leg, occupies the position of two 
in most other vertebrates. 

Taxonomy. There are five suborders of the Salien- 
tia: the Amphicoela, Opisthocoela, Anomalocoela, 
Procoela, and Diplasiocoela. These suborders are 
distinguished chiefly on the basis of characters of 
the skeleton and musculature. The phylogeny of 
the Salientia is illustrated in Fig. 2. Almost 3000 




Fig 2 Diagram illustrating the phylogeny of the 
Salientia. (From G. K Noble, The Biology of the Ant’ 
phibia, Dover, 1954) 

species oi frogs are known, so the«-e animals die 
far more diversified than the salamander^ with less 
than 300 species or caecilians with about 70 spe 
nes. Only the frozen polar regions and re lote 
oceanic islands are without native frogs, but ^0^ 
of the species live in the tropics. The concentra- 
tion of species in tropical regions is in contrast to 
the distribution of salamanders, most of which are 
found in more temperate areas. 

The one character of frogs that comes to the at- 
tention of the most persons, including many who 
may never see a frog, is the voice. Unlike salaniau 
ders, which are mute or nearly so, most frogs have 
voices and use them in a variety of-ways. In the 
breeding season, great numbers of male frogs may 
congregate in favorable sites and call, each species 
giving its own chaiactcnstic vocalissation Because 
no two species breeding at the same time and place 
have identical calls, it is assumed that the call is 
important in aiding individuals to find the propCT 
mate. In some species, it appears that the female is 
active in selecting the mate, and may be respond- 
ing to the mating call, but the call may not act in 
exactly the same way in other species.^ T^e mating 
call is given with the mouth closed. Air is shuntrf 
back and forth between the lungs and the mouth, 
so frogs can call even though submerged. Many 
species possess one or two vocal sacs which arc 
expasisible pockeu of sUn beneath the cto or 
behirn] the i«ws. These sacs (Fig, 3)t way 
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inflate to a volume as great as that of the frpg it- 
self, serve as resonators. 

Other noises made by frogs include the so-called 
fright scream given with the mouth open, and the 
warning chirp, which evidently serves as a sex rec- 
ognition signal when one male contacts another. 

Reproduction. Breeding and development typi- 
cally take place in the following manner. The 
male grasps the female about the body with the 
forelegs, a procedure called amplexus, and ferti- 
lizes the eggs external^ as they are extruded. The 
number of eggs may be quite large (up to 20,000 
in the bullfrog or 2.5,000 in a common toad) or 
mav be as few as one in a frog of the West Indies, 
The eggs are each surrounded by concentric coats 
of clear lelly and may be deposited, according to 
the habit of the species, singly, in groups of vari- 
ous si/es and shapes, oi in strings The larva, called 
a tadpole, is at first limbless and has external gills 
and a muscular tail with dorsal and ventral fins. At 
hatching there is no mouth opening present, but 
one soon forms that develops a horny beak and 
several rows of labial teeth not at all like the true 
teeth of the adult frog. Shortly after the tadpole 
hatches, the gills become enclosed within cham- 
beis and aie no longer visible externally. Except 
for the gradual development of the hind limbs, no 
additional external changes take place as the tad- 
pole grows until the time for metamorphosis. The 
anterior limbs, which have been forming hidden in 
the gill chambers, break through the covering skin 
as metamorphosis begins The tail dwindles in size 
as it is absorbed while the mouth assumes the shape 
of that of the adult frog. Many other changes are 
taking place inteinally, including shortening of the 
intestine and adapting it to the carnivorous diet of 
the adult frog 

The pattern of breeding and development out^ 
lined above is widespread among frogs and is un- 
doubtedly the primitive one. However, many modi- 
fications of this pattern have evolved. Many species 



the vocal sac mpoiided* {Ammkmn llkumm 
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lay eggs in moist places on land. Each egg is pro- 
vided with sufficient yolk to allow the embryo to 
pass an abbreviated larval stage within the egg 
and emerge as a transformed small frog. The fe- 
male marsupial frog Gastrotheca of South America 
carries the eggs in a pouch on the bark, from which 
tadpoles or fully-formed frogs emerge, according 
to the species. In the Surinam toad Pipa, also of 
South America, the eggs undergo development 
while situated in pits in the back of the mother. 
The male of Darwin’s frog, Rhinoderma darwini, 
another South American species, has the remark- 
' able habit of carrying the eggs and larvae in his 
vocal sac until metamorphosis occurs. The most 
highly specialized breeding habit among the Sali- 
entia is seen in an African genus, Nertophrynoi- 
des, which is ovoviviparous ; that is, the young de- 
velop within the maternal oviduct. 

Nutrition. All frogs are carnivorous. The kind of 
food seems to depend largely upon the size of the 
frog, and the capacious mouth of a frog permits 
somewhat astonishing feats of swallowing. A large 
bullfrog, for example, may snap up low-flving bats, 
ducklings, snakes, and turtles. Insects and other 
invertebrates form the bulk of the diet of most 
frogs. The tongue, moistened by a slickv secretion 
from the intermaxillary gland in the roof of the 
mouth, is used to catch smaller prev while larger 
items of food may bring the front limbs into play. 
When swallowing, a frog will usually depress the 
eveballs into the head to aid in forcing the food 
down the pharynx. In contrast to transformed 
frogs, most tadpoles are vegetarian and feed on al- 
gae. A few are largely carnivorous or sometimes 
cannibalistic, and even vegetarian species will 
scavenge for dead animal matter. Striking feeding 
specializations occur, such as the funnel mouth of 
certain tadpoles that <«kim food from the surface of 
the water. 

Ecology. The habitats of frogs are as various as 
the places where fresh water accumulates. Lakes 
and streams are tenanted year-round by many spe- 
cies, and others migrate to these places in the 
breeding season. Any permanent source of water 
in the desert is likely to support a population of 
one or more species, and when rainstorms occur 
the air around a temporary pool may be filled with 
mating calls for a few nights while the frogs take 
advantage of the water for breeding. As often as 
not, the pool goes dry before the tadpoles metamor- 
phose, and the adult frogs retreat underground to 
await another rain. Moist tropical regions provide 
an abundance of habitats little known to temperate 
regions, such as the air-plants (bromeliads) that 
hold water and so provide a moist honte and breed- 
ing site for frogs that may never leave the forest 
canopy. 

Economics. Frogs are used by man in two im- 
portant ways, as food and as laboratory animals. 
Many thousands of frog’s legs are consumed an- 
nually, and the demand in the United States is suf- 
ficiently great that the domestic supply is supple- 
mented by imports from Mexico, Cuba, and Japan. 


Thousands more frogs are used each year as labo- 
ratory animals, both as specimens for dissection 
and study in zoology classes, and as experimental 
animals for research on a variety of zoological and 
medical topics. Perhaps a more important service 
of frogs results from their ecological position as 
consumers of insects. Indeed, the giant toad Bufo 
marinas of tropical America has been carried to 
many remote tropical i.slands to aid in insect con- 
trol. See Amphibia; Amphicoela; Anomocofxa; 
Caudata; DiPLAbiocoKLA; Gymnophiona; Opis- 
Tiinr.oELA; Proloei.a. rR.G.z.] 

Saline water reclamation 

The partial demineralization of sea or brackish 
water sufficient to make the “fresh-water” product 
suitable for human or animal consumption, indus- 
trial uses, or irrigation. Brackish water is generally 
regarded as containing at least 1000 parts by 
weight of dissolved minerals in 1,000,000 parts of 
water ( 1000 parts per million, ppm, or 1 gram per 
liter) but less than sea water, which contains about 
35,000 ppm (35 g liter). Salinity requirements 
for the fresh-water product depend upon its use. 
The U.S. Public Health Service rec*ommends that 
drinking water of good chemical quality should not 
exceed 500 ppm but permits use of water contain- 
ing 1000 ppm if necessary. Water rontaiging sev- 
eral thousand ppm is consumed hv man in many 
localities without noticealdc ill effec’ts. parficularK 
where perspiration is high. Suitable salinities for 
irrigation yraters depend upon the chemistry of the 
soil and the mineral requirements of the c‘r(»p but 
generally should not exceed about 1200 ppm, par- 
ticularly if the sodium content is high. Kuminant 
animals have developed tolerances fur salinities up 
to 12,000 ppm. Indu.strial water requirements vary 
greatly, from 1-2 ppm for boiler waters up to 
35,000 or more for some flushing and cooling. 

Water can be separated from saline solutions by 
several means. Under a change of pha.se such as 
evaporation or freezing, part of the pure water will 
reach the second phase, but the salt, having a dif- 
ferent phase equilibrium, remains in solution. Un- 
der the influence of a direct electrical current, salt 
ions in solution are forced toward the electrodes in 
electrolysis and electrodialysis. Chemicals may be 
added to cause exchange of ions in the solution or 
precipitation of the salts. Chemicals having greater 
affinity for water than for salt can be used to remove 
the water from a solution by solvent extraction. In 
hydration, a hydrocarbon such as propane will, at 
certain temperatures, combine with the water in a 
saline solution to form a salt-free hydrate from 
which the water can then be separated by a small 
change in temperature or pressure. Under pressure 
exceeding the osmotic pressure, the fresh water in 
solution can be forced through an osmotic mem- 
brane in reverse osmosis. Other methods which have 
been studied in various degrees, but so far with 
little success, include separation by thermal diffu- 
sion, adsorption of fresh water on desiccants, and 
the use of electromagnetic effects, ultni-high*fre- 
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Fig 1 Single and multiple-effect distillation 

quencv till rents and ultiasonics The processes by 
which some plants atcuniulate tcrtain inineials and 
rt lei t others and b> whit h animal kidneys separate 
salt solutions are only now being studied in ton 
nil tion with this pioblein 

Research and devdopment in saline water retla 
tnation is directed to reduction of the total cost of 
the piodiitt water Cost intludes td^ qal investment, 
energy and operation The absolute minimum theo 
letical theirnodvnamic energy required fur sepa 
rating 1000 gal of fresh water from sea wuicr is 
2 8 kw hr Several tvpes of pi ot esses are desirable 
to meet the requirements and economies of different 
areas where salt water c onversiun may be employed 
Multiple-effect distillation. In single stage dis- 
tillation (Fig 1), water is evaporated and con 


densed once In multiple distillation, also termed 
evaporation, several stages, or effects, recapture 
and reuse the latent heat of vaporization. At a given 
temperature and pressure, salt water is evaporated 
m the first effect The vapor is led to a second effect 
where additional evaporation occurs at a lower tem- 
perature and pressure, using the latent heat of the 
steam from the first effect, which condenses on the 
opposite side of a heat-transfer barrier such as a 
boiler tube Further evaporation of part of the 
water occurs in successive effects, each at lower 
temperature and pressure The flow of water may 
be in either direction through the several effects, 
and either the water or the steam may be within 
the tubes 

The choice of number of effects, and thus reuse 
of the* heat, depends upon the relative cost of fuel 
and equipment Where equipment cost is high and 
fuel cost low the number of effects will be smaller 
than where fuel is expensive and a greater expendi 
ture in equipment (number of effects) is justified 
for maximum reu^^e of the heat 

\s in all distillation, salt deposits, known as 
scale, form on the evaporating surfaces at tempera- 
tures above about 160 I80®F Scale greatly im 
pedes heat transfer and productivity Scale preven- 
tion methods are being improved. 

Flash distillation. In flash distillation, water at 
a given pressure and temperature is released into a 
chamber of slightly lower pressure where it flashes 
into vapor and is condensed A vacuum multiple- 
stage flash tvpe distilling plant (Fig 2) is based on 
the progressive heating of salt water to a tempera- 
ture of approximately 180^F and the subsequent 
flashing of a pf»rtinn in successive chambers, each 
operating under slightly higher vac uum The flash 
vapor from each stage is condensed on tubes con- 
taining the incoming cooler sea water and con- 
st Pules the fnsh water product 

As with multiple-effect distillation, the flash cycle 
may he designed to cause water to flow in either 
direction through the stages This pi ness has been 
used extensively in ships, but beginning in 19S5 


condenssr cond^aer condenser 



distillate 


Fig 2 Flush distlllotion. 





12 SoHm wotwr fMlamotioii 

land-based plants were designed, and the process 
has been improved rapidly to economic feasibility 
for many purposes. 

Vapor Gomprossion. Salt water is boiled on one 
side of a heat-transfer barrier such as a boiler tube 
(Fig. 3). The vapor is compressed, raising its pres- 
sure about 3 psi and temperature about 9**F, The 
heated steam is returned to the outer side of the 
boiler tube where its latent heat of condensation 
evaporates additional water in the tube. The con- 
densed vapor is removed through a heat exchanger 
as distilled water. In this way, the energy is applied 
as power to drive the compressor, rather than as 
heat to boil the water directly. A small quantity of 
heat is applied to balance radiation losses. Forced 
circulation of the water and means of causing vapor 
to condense in droplets have greatly increased the 
heat-transfer rates. 

In the rotary vapor-compression still, salt water 
is sprayed onto one side of a heated rotating cir- 
cular plate where it evaporates. The vapor is com- 
pressed slightly and, at the resulting higher tem- 
perature, is fed to the other side of the plate where 
it condenses, causing further evaporation on the 



Fig. 3. Vapor<ompre$sion distillation. 




approach side, as in tubulaV systems. The rotation 
causes the salt water to spread into a thin turbulent 
film and the condensate to be constantly thrown off, 
both of which promote high heat-transfer rates 
even when operating at the low pressures and tem- 
peratures needed to eliminate scale formation. The 
early rotary stills developed in 1953 and 1954 uti- 
lized a conical shape as shown in Fig. 4. Multiple 
conical rotors were developed in 1955. Beginning 
in 1956, attention has been directed to the use of 
flat rather than conical plates to facilitate the use 
of more rotors on one shaft, and to the use of the 
rotation for compression in place of a separate 
compressor. By using a stack of closely spac ed flat 
rotors, multiple-effect distillation is achieved with- 
out compression by evaporating from the top of one 
plate, condei(sing on the bottom of the next, and 
evaporating on its upper surface under reduced 
pressure. 

Solar distillation. In solar distillation, the sun’s 
heat is used to evaporate salt water. Solar distillers 
are classified in three groups: those in which salt 
water is evaporated directly and condensed in one 
unit (Fig 5) ; those employing focusing devices to 
acc|uire higher temperatures for use in various 
mechanisms; and those in which water is heated in 
one compartment with evaporation and condensa- 
tion in another, including multiple-effect mecha- 
nisms. Since the magnitude of the incident solar 
energy is low and cannot be increased by focusing, 
practical application requires large areas for the 
collection of this heat energy. Simplified construc- 
tion methods, including the use of plastic films in 
place of the glass collectors, are being developed. 
Several new plastics, including the polyfluorocar- 
bons are relatively inert and resistant to the ultra- 
violet effects. However, plastics are hydrophobiCf 
and the condensed vapor collects on them in drops 
and reduces their transparency. The use of wetting 
agents to prevent this is being developed. See Dis- 

1 1LLATION. 

Electrodialysis. When an electric current is 
transmitted through a saline solution, the cations in 
the ^ /lion migrate toward the cathode and the 
toward the anode. Membranes in sheets of 
cation- or anion-exchange material, a development 
since 1930, permit the passage of either cations or 
anions, respectively, in the solution. If a series of 



alternate cation* and anion-permeable membranes is 
placed between the electrodes (Fig. 6), the anions 
pass through the anion-permeable membrane to- 
ward the anode but are stopped at the next mem- 
brane, which is permeable only to cations. Likewise 
the cations moving in the opposite direction will 
pass the cation membrane but not the next. Thus, 
as anions and cations collect and combine in alter- 
nate compartments, the water there is enriched with 
salt while that in the other compartments is de- 
pleted. The salt water flows parallel to the mem- 
branes, and the depleted and enriched streams are 
withdrawn separately as demineralized water and 
enriched brine. Electrodialysis units are in opera- 
tion on brackish water at a score of lorations 
throughout the world. The electrical energy re- 
quired is dependent upon the amount of salt to be 
removed; this may be contrasted with the various 
distillation processes, in which the heat energy re- 
quired is dependent on the amount of fresh water 
separated from the saline water. Thus, in electro- 
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dialysis, greater energy is needed to remove the 
salt from sea water than from dilute brackish water. 
See Dialysis; Ion-permeable membrane. 

Freexiiig mathods. Pure ice can be frozen from 
brine and melted to produce fresh water. Unfor- 
tunately, the ice occludes some brine between the 
crystals. Therefore, two operations are needed : one 
to form the pure ice and the second to separate the 
ice from the entrapped brine. One of the more prom- 
ising techniques (Fig. 7) consists of admitting cold 
sea water to a chamber under high vacuum where a 
portion of the water imm^^iiately vaporizes. The 
evaporation process absorbs heat from the remain- 
ing salt water, causing a portion of it to freeze to 



an ice-brine mixture. This slurry is passed through 
a operator where it is washed with a portion of the 
product water. Simultaneously, the vapor is com- 
pressed and condensed on the ice as additional 
fresh water while melting the ice. In another cycle, 
by using a refrigerant which is immiscible with the 
water, such as butane or other hydrocarbon, freez- 
ing of the water occurs as the refrigerant vaporizes 
upon passing directly through the solution. This 
'-ystem has the advantage of operation at atmos- 
pheiic pressure with relatively low vapor volumes 
and nearly complete recovery of the latent heat of 
freezing as the pure ice thaws in contact with the 
compressed refrigerant vapor. 

Some research has been carried out on the prin- 
ciple of zone purification in which a chambm of 
brine is moved through a cold zone to facilitate 
exclusion of the brine from the ice. While the pzec- 
ess is technically successful, the cost is hi|dt- Other 
research has been directed toward the use of addi- 
tives to modify crystal growth eo as to reduoh ifce 
amount of brine ooclod^ with the ke 4^ 

Oystaluzation; Hyorologt; km 
Solvent extraction; Water conservation; 
Water treatment. LB.a.J£4 
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Salivary gland virus disease 

A viral infection which appears in its most severe, 
and sometimes fatal, form in infants under 2 years 
of age. It is also known as cytomegalic inclusion 
disease. In infants less than 2 years old, clinical 
cases are characterized by jaundice, enlargement 
of liver and spleen, and blood and circulatory 
disturbances. 

The virus produces enlargement of cells in the 
affected organs, or in tissue cultures, as well as 
large intranuclear inclusion bodies and sometimes 
intracytoplasmic inclusions. See Inciusion bodies 
(virus). 

Several animal species (monkeys, mice, guinea 
pigs) also have salivary gland viruses. The virus of 
the monke\ is closely related to that of man. Sub- 
clinical infection is common and the virus is 
excreted in the urine for months. See Animal 
VIRUS. [J L-M 1 

Bibliography i T M. Rivers and F. L. Horsfall, 
Jr. (eds.). Viral and Rickettsial Infections of Man^ 
3d ed., 1959. 

Salmon 

The family Salmonidae contains the trout, char, 
and salmon. All salmon are anadromous; that is, 
thev hatch in fresh water, migrate to the sea after a 
period of growth, and return to spawn in fresh wa- 
ter, usually to the identical spot where they were 
hatched. The Atlantic salmon, Salmo solar, for- 
merly ranged from northwestern Spain throughout 
the North Atlantic drainage of Europe to the White 
Sea, westward to Labrador, and south to the Dela- 
ware River in the United States. Over much of this 
range it has now been exterminated; in the United 
States it is found only in Maine. It was a valuable 
food fish and is still eagerly sought by anglers. It 
may spawn several times. There are also land- 
locked races which never run to the sea. 

There are five species of the Pacific salmon 
found in North America, all of which die soon after 
spawning. Four of these, as well as two other spe- 
cies, occur in Japanese and Siberian waters. Amer- 



The Pacific salmon, Oncorhynehus tschawyfseha. (From 
E. L. Falmor, Fioidbook of Natural History, McGraw- 
Hill, 1949) 


ican salmon are still an extremely valuable food 
resource, producing over 300,000,000 lb annually, 
worth about $40,000,000. Salmon are now greatly 
depleted, especially in the southern part of their 
range. They were at one time abundant as far south 
as the Sacramento River of California. 

The largest of the Pacific salmon is Oncorhyn- 
chus tshawytscha, called king, chinook, or spring 
salmon, and weighing up to 100 lb. O. nerka, the 
red, bockeye, or blueback salmon, weighs about 
7 lb; the coho, or silver salmon, O. kistUch, is also 
a small fish, weighing up to 10 lb. The smallest, 
with a common maximum of 6 lb, are O. gorbuscha, 
the pink, or humpback salmon, and O. keta, the 
chum, keta, fall, or dog sklmon. See Clupeiformes. 

[j.D.B.] 

Salmonella 

The bacteria of the typhoid-paratyphoid group, a 
genub of the family of Enterobacteriaceae (see 
ENTEROBAcrERiArEAi ). The Salmonellae are usu- 
ally motile by peritrichous flagella and lack pro- 
teolvtic en/ymes. Biochemical tests are used as 
part of the identification process. The tests and 
their reactions are as follows: methvl red test is 
positive; Voges-Proskauer and indole tests are neg- 
ative. Citrate is utilized while lactose is jsot (see 
IMViC ^^s^). 

Many varieties of Salmonellae are distinguished 
by differences in cultural behavior and antigenic 
structure. AH pathogenic for either man or ani- 
mals, or both. The individual types differ c onsider- 
ably in seventy of infection caused and in species 
of animals affected. In man, salmonella infection — 
collectively called salmonellosis- -may give rise to 
either a predominantly gastrointestinal febrile af- 
fection or a septicemic disease (see Paratyphoid 
fever; Paratyphoid gastroenteritis; Typhoid 
fever). Occasionally, the dominant manifestations 
may be localized in the urinary tract, the meninges 
of the brain, lungs, or bone marrow. 

The antigenic structure provides an important 
tool for the differentiation of all Enterobacteria- 
ceae (see Antigen). For this purpose the follow- 
ing antigens are utilized : 

1. The somatic, or 0. antigens are polysaccha- 
ride-lipid-protein complexes extractable from the 
bacterial body. The polysaccharidic moiety is the 
distinctive antigenic part. These complexes are 
toxic and, therefore, sometimes referred to as endo- 
toxins. 

2. The flagellar, or H, antigens are of protein 
nature. 

3. Substances from the capsules of slimy enve- 
lopes. when present, are of differential value. How- 
ever, they are often lacking or poorly developed, as 
for example in most Salmonellae. They are present 
in 5. typhi as Vi antigen. 

Individual entities can be recognized within each 
genus of Enterobacteriaceae by the stepwise deter- 
mination of the antigenic structure with specific 
antisera, which are sera containing specific anti- 
bodies. These entities are called serotypes. 
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Electiun micrograph of Salmonella fyphi showing rod- 
like bacterial bodies with inner structure and numer* 
ous flagella. (From A. J. Weil and /. Saphra, So/mo- 
nellae and Shigellae, Charles C Thomas^ 1953) 


The KaiifTinann-White M’heme is the internation- 
tillv recognized code of nomenidature for the sero- 
types of Salmonella, It is essentially a two-step 
procedure, in which antigens are Vsignated ac- 
cording to an agreed system. 

The somatic antigens provide the primary mark- 
eis tor units called groups Thus all Salmon* !lae 
with a given somatic antigen belong in the .dine 
group. Groups are designated by letters A, B, C, 
and so on. 

Within the group, the H antigens furnish the 
markers for the individual serotypes, with ea<*h 
type having a name. It often refers to the locality 
of the first isolation of the species. Approxim«(tclv 



400 serotypes of Salmonella can be ‘ distinguished 
by this method. Fortunately, only about a dozen of 
these serotypes are involved in the great majority 
of the infections of medical or veterinary impor- 
tance. Thus for ordinary purposes, a means for 
diagnosis can be readily provided. For the identifi- 
cation of rare types, a network of international 
Salmonella centers has been established, to which 
diagnostic problems can be referred. The table lists 
serotypes of medical and veterinary importance. 


Group 

Serotype 

Importance 

A 

S, paratyphi A 

Man only; often severe; par- 
atyphoid fever 

B 

S. paratyphi B 

Same as S. paratyphi A 


$. typhimurium 

Man and animals; most com- 
mon and ubiquitous; syno- 
nyms, S, aertr'seke and S. 
breslau 


S, abortus hot is 

Mammals; uterine infection 
and abortion of cows 

C 

S. rholerae suis 

Swine and man; in man, 
olten severe, with high mor- 
tality 


S, oranienburg 

Man; frequent in liuman gas- 
troenteritis 


S, montei idea 

Same as S. oranienburg 


S, newport 

Same as S. oranienburg 

D 

S typhi 

Man only; typhoid fever 


5. enteritidis 

Man and animals 


S, galUnarum 

Epidemics in chicken flocks 

E 

S, anatum 

Man and animals, particu- 
larly ducks 

Convalescent hosts 

may harbor Salmonellae in 


their intpstine«« for long periods of time. The or- 
ganism*- are sometimes also found in the bowels 
of men or animals without clinical signs or a his- 
tory of infection. Such people or animals are called 
carriers (see Epidemiology). They arc infective to 
others and are important as links in the chain of 
infection. 

infec'tion is by the oral route. The vehicles are 
food or water contaminated by fecal matter, un- 
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clean hands, or flies. Occasionally, infection is ini- 
tiated by ingestion of the meat of infected animals. 

E£Fective prevention can be achieved by cleanli- 
ness and sanitation, including such measures as 
identification of carriers, their removal from con- 
tact with food, the safeguarding of water, milk, and 
other food, and proper disposal of fecal matter. 

Preventive immunization is practiced in man, 
against S. $yphi infection, and in fowl, against 
5. gaUinarum infection. 

Therapy remains symptomatic; that is, the symp- 
toms arc relieved and not the cause of the disease. 
Sulfonamides and antibiotics, except for chloram- 
phenicol. are not effective for typhoid fever. 

Specific diagnosis is made bv the identification of 
Salmonellap isolated from stools, blood, or other 
materials of the sick or carriers, or cultured from 
inculpated water or food. Indirect diagnosis is 
made possible by finding antibodies, specific for 
Salmonellae^ in the blood serum of man and ani- 
mals after infection. Since such antibodies persist 
for a considerable length of time, this may permit 
retrospective diagnosis of great epidemiological 
interest This test method, used for typhoid and 
paratyphoid fever, is often referred to as Widal’s 
reaction. 

The isolation of the enteric pathogens, Salmonel- 
lar or Shigellae^ is not difficult when they are pres- 
ent in large numbers The recovery of organisms 
becomes a formidable task if only a few pathogens 
are found among the numerous saprophytic Entero- 
bactenaceae and other bacteria in a specimen of 
stool or other material Most of the saprophytic 
bacteria produce acid from the sugars lar tose and 
sucrose (saccharose), whereas the pathogens lack 
this ability. Advantage is taken of this feature when 
culturing a mixture of pathogenic and nonpatho- 
genic enteric bacteria. Most of the nonpathogens 
can be recognized bv the color change, caused by 
the acid formation, in and around a colony grown 
on special media. The media ordinarily contain 
agar, lactose, and possibly sucrose, as well as a 
suitable indicator. The colonies without such color 
changes can then be selected for further investiga- 
tion by cultural and serological methods 

Certain chemicals promote the growth of So/mo- 
nellae while restraining that of other enteric bac- 
teria. Among these compounds are bile salts, so- 
dium thiosulfate, and sodium selenite. Thus if feces 
or other materials suspected of containing Salmo- 
nellap are seeded in fluid nutrient media containing 
such compounds, the Salmonellae will tend to out- 
grow the saprophytes. They can then be further 
checked for pathogenicity by transfer to media of 
the type used to separate pathogens and nonpatho- 
gens. This procedure is often referred to as enrich- 
ment. Sec Bactfsiology, medical; Culture, elec- 
tive. [A.J.W.] 

Bibliography: P. R. Edwards and W. H. Ewing, 
Ideniificaiion of Enterobacteriaceae, 1955; A. J. 
Weil and I, Saphra, Salmonellae and Shigellaet 
1953. 


Salt (chemical) 

A compound formed when one or more of the hy- 
drogen atoms of an acid are replaced by one or 
more cations of a base. The common example is 
sodium chloride in which the hydrogen ions of hy- 
drochloric acid are replaced by the sodium ions 
(cations) of sodium hydroxide. There is a great 
variety of salts because of the large number of acids 
and bases now known. 

Classification. Salts are classified in several 
ways. One method —normal, acid, and basic salts ^ 
depends upon whether all the hydrogen ions of the 
acid or all the hydruxidStions of the base have been 
replaced. 

Clas^ Examples 

Normal salts NaCl, NH4CI, Na2S04, Na2C03, 
NaaP04, Ca3(P()4)2 

Acid salts NallCOa, NaH2P04, Na2HPf)4, 

NaHS()4 

Basic salts Pb(()H)Cl, Sn(OH)Cl 

The other method — simple salts, double salts (in- 
cluding alums), and complex salts depends upon 
the character of completeness of the loni/ation. 

Class Examples ^ 

Simple salts NaCl, NaHCO,, Pb(()H)(:i 

Double salts KCl MgC^h 

Alums KAl(S()4)2,NaFe(S04)2, NH|Cr(S()4)2 

Complex jgilts K,Fe(CN)«, Cu(NH04Cl2, K2Cr2()7 

In general all salts in solution will give 10ns of 
each of the metal ions, an exception is the com- 
plex type of salt such as K(Fe(CN)i and KjCr^O? 
In such salts the ionization is entirely as 

K,Fe(CN)o^3KM Fe(CN)« 
and K2Cr207 ^ 2K'*' + Cr^O? 

No detectable quantities of or from 

these salts exist in solution because of the strong 
bonding of these ions in the complex 10 ns However, 
in those complex salts where the bonding is weak, 
ions of the metal can be detected; for example in 
NazCdCU, the cadmium complex ion ionizes ap- 
preciably as follows: 

CdCl4--->Cd++ + 4a- 

The elements with unfilled inner electron shells 
form complex salts readily. The alum type of salt 
is a sulfate including the univalent cation of a 
relatively strong base and a trivalent metal ion 
such as Al^, Fc+'^, or Cr^'^'^. 

Double salts include ions of nearly enough the 
same size to fit into the same crystal lattice. 

Hydrolysis. The solutions of some normal salts 
are neutral, but those of others are acidic or basic. 
This results from the reaction of the ions of salt 
with water. This reaction is called hydrolysis. For 
example 

COs- + HOH HCO.r + OH- 
CHaCOO- + HOH 5:^ CHaCOOH + OH- 
NH4" + HOH NH4OH + H^ 
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The resulting solution will be acidic or basic, de- 
pending upon whether the hydrolysis produces an 
excess of hydrogen or hydroxide ion. See Hydrol- 
ysis. 

Modem theories of acids and the definition of 

salts. The development of more general theories of 
acids and bases in the twentieth century has re- 
quired a broadening of the concept of salts. 

The Bronsted theory of acids lays emphasis on 
the process of the reaction between acids and 
bases, and not so much on the product except that 
the products are other acids and bases. For ex- 
ample 

Acid I f Base2 Acids f- Basci 
HCl + HaO^H^O^ + Cl 

Since the Bronsted theory extends the proton theory 
of acid-> to solvents other than water, the original 
definition of a salt must be expanded as follows: A 
salt is an elect rovalent compound that contains 
some cation other than the solvated proton and 
some anion other than the anion which is the con- 
jugate base of the solvent. In the water system, the 
salt should not contain the HhO^ and OH ions 
alone, in the liquid ammonia system, it should not 
( ontain the NH i ' and NII 2 ions alone. 

In terms of the I ewis theorv of acids and bases, 
the ( omjMnind 


: Cl : A1 


IS an acid, and 

H 

H:N: 

H 

is a base. Hence the salt should be 
Cl II 

C1:A1:N:H 
• • ■ « 

a H 

Here the salt is not limited to replacement of the 
H+ with a cation of a base. Rather, it is any aggre- 
gate of molecules, atoms, or ions joined together 
with a coordinate covalent bond. Such compounds 
correctly can be called salts; however, by common 
parlance, the term salt usually refers to an elwtro- 
valent compound, the classical example of which is 
sodium chloride. See Acid and base; Chemical 

BINDING. [A.B.C.] 

Bibliography: E. Mack, A. B. Garrett, J. F. 
Raskins, F. H. Verhoek, Textbook of Chemistry, 
2ded., 1956. 


Salt (food) 

The chemical compound sodium chloride. While 
salt is used extensively in the food industry as a 
preservative and flavoring, it is also used in the 
chemical industry to make chlorine and sodium. 
Historically, salt is one of the oldest materials used 
in man’s food. See Chlobine; Sodium. 

Method of menufacture. Salt was originally 
made by evaporating sea water (solar salt). This 
method is still in common usage today; however, 
impurities in solar salt make it unsatisfactory for 
most commercial uses and these impurities also 
lead to clumping. Salt, freshly produced from sea 
water evaporation ponds, may contain large num- 
bers of haluphilic (salt-loving) microorganisms. 
These occasionally cause spoilage of meat, fish, 
vegetables, and hides when salt has been used in 
the preservation process {see Brine, microbiology 
oi-). 

Refined salt is obtained from underground mines 
located in Michigan and Louisiana. .Salt is usually 
handled during the refining processes as brine. 
These processes are discussed below. 

G miner salt. This type of salt is made by evapo- 
ration of brine in long shallow pans, as large as 18 
ft wide, ft deep, and 150 ft long. The daily ca- 
pacity of such a grainer may be 80 tons. A scraping 
conveyor continually removes the crystallizing salt 
from the bottom of the grainer. The salt is then 
filtered, dewatered, dried, cooled, and rolled to 
break clumps. Grainer salt is usually the coarsest 
in grain and highest in impurities. 

Vacuum pan salt. Salt brine is boiled at reduced 
pressure. \ triple-effect evaporator is used; the 
first stage uses relatively light vacuum but this is 
inrTeased until in the third it is quite high and the 
salt solution boils at about 110’’F. Production is 
continuous and the production cycle takes 48 hours. 
A 20% salt slurry is brought out from the bottom 
of the third evaporator at the same time fresh brine 
is admitted; thus impurities are washed from the 
surface of the outgoing crystals. The salt slurry is 
filtered, dewatered and high temperature dried at 
350°F before screening and packing. 

Alherger process. Salt brine is heated to high 
preH.sures in heaters and then is passed to a gravel- 
ler. A graveller is a large cylindrical vessel filled 
with stones which serves as a deposition site for 
calcium sulfate. The brine proceeds to ilaahers 
where the pressure is gradually reduced to that of 
the atmosphere, and salt begins to crystalliae. The 
brine and salt mixture is then discharged to a large 
open pan where the crystallized salt is pumped to a 
centrifuge for dewatering before beiDg dried in a 
rotary dryer. 

Um in fond Industry. Large users of salt in the 
food industry are pickle makers and meat packers. 
In the pickle industry salt is used as brine to which 
fresh cucumbers are added. A selective fermmts- 
tion then proceeds which is governed hy Skit con- 
centration. In the meat packing industry salt is 
added to fresh meat as a prerervathre, salt 
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pork, or in combination with nitrates or nitrites to 
mark the first step in the production of cured meats, 
sudi as hams or bacon. See Food ENCiNEERiNb; 
Food preservation. 

Salt additivaa. Salt is liable to clumping during 
periods of high humidity, and preventives to clump- 
ing are added to avoid this. Materials used include 
magnesium carbonate and certain silicates. Iodides 
are also added to aid in those areas where iodine 
deficiencies exist. 

Bibliography: S. C. Prescott and B. E. Proctor, 
Food Technology^ 1937. 

Salt brid^ 

A bridge of solution of some salt, usually potassium 
chloride, which is placed between the two half-cells 
of a galvanic cell. It is frequently made in tubular 
form of siphon design. It is used either (1) to re- 
duce to a minimum the potential of the liquid junc- 
tion between the solutions of the two half-cells or 
(2) to isolate a solution under studv from a tefer- 
ence half-cell and prevent chemical precipitations. 
When a salt bridge is used to reduce the liquid 
junction potential, a saturated solution of potas- 
sium chloride is chosen, because the ionic mobili- 
ties of the potassium and chloride ions are nearly 
identical. This reduces the liquid-j unction potential 
to a small value. When a salt bridge is used to 
isolate a solution from a reference half-cell, >arious 
salt solutions may be used for the salt bridge, de- 
pending on the < ircumstances. For example, if the 
potential of siher in a silver nitrate solution were 
to be compared with a calomel half-cell, the two 
half -1 ells could not be in contact, for then the 
potassium chloiide of the calomel half-cell would 
pret ipitatc the silver nitrate solution surrounding 
the silvei electrode In this case, then, a salt bridge 
of potasMiim nitrate would be placed between the 
solutions of the two half-cells. See Elfctrode po- 
iential: Eipr iromotive force (cfiis). [w.j.h.] 

Salt dome 

An intrusive body of rock salt which has penetrated 
laige thicknesses of overlying sedimentary rock. 
Salt domes are distinguished from other geological 
deformations involving salt in being roughly cir- 
cular in cross section and in having horizontal 
dimensions of the same ordei of magnitude or less 
than their vertical dimensions. 

Salt domes are best known along the Gulf Coast 
of the United States where they are important 
economically because of their association with oil 
and sulfur deposits. Most Gulf Coast salt domes 
have diameters of 1-3 miles and vertical dimen- 
bjons which vary from 3 to 6 miles. Depths to the 
tops of salt domes range from less than 100 ft to 
many thousands of feet. 

Formation of domos. The geological process by 
which domes are formed is not completely under- 
stood, but the general mechanism seems fairly 
clear. The domes occur in areas underlain by 
evaporite deposits containing large thicknesses of 
salt < primarily sodium chloride), which flow into 



Diagrammatic section of a salt dome in the Gulf re- 
gion. The drawing represents in composite manner 
data obtained from several domes, for no wells hove 
been drilled deeply enough to penetrate oil the rock 
divisions shown. The base of the salt plug is hypo- 
thetical. (From R. C Moore, introduction to Historical 
Geology, 2d ed., McGraw-Hill, 1958) 

the dome fiom the immediately surrounding area 
The salt, ^eing relatively plastic, is highly de- 
formed by the flowage The flowage apparently 
results from the fact lhat the salt is of lower 
density than the overlying sediments This density 
difference is demonstrated by the fact that salt 
domes produce definite negative gravity anomalies 
A model to illustrate this process can be made by 
filling a glass-sided box nearly full of a high- 
density viscous liquid, such as boiled-down corn 
syrup, and then filling the small remaindei with a 
low-density viscous liquid, such as soft asphalt, to 
represent the salt When such a model is inveitcd 
so that the low-density fluid is on the bottom the 
asphalt will flow up through the syrup and take a 
form which is quite similar to the general form 
known (by drilling) to be that of many salt domes. 
Dimensional analyses indicate that the ratios of 
the physical properties of the fluids in the model 
and those of the prototype in nature are approxi- 
mately correct for dynamical similitude. 5ee Pros- 
pecting: Prospecting, petroleum. 

The model explains in a general way the mecha- 
nism by which salt flows into the domes because of 
the difference in density, but in many cases the 
movement of salt is significantly influenced by the 
geological conditions and tectonic forces of the 
area. It appears that the salt must be covered by a 
minimum of some 10,000 ft of overburden before 
flowage into domes takes place. This suggests that 
the salt may become more plastic under the pres- 
sure of a thick overburden, but a clear demonstra- 
tion of such a property of salt has not been made. 
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Distribution of domes. The Gulf Coast salt 
dome belt of Texas and Louisiana, including those 
domes known to exist as a result of oil exploration 
offshore, contains approximately 150 known domes. 
The northeast Texas basin has 20 domes, the in- 
terior basin of north Louisiana and southern Mis- 
sissippi has about 75 domes, and the Rio Grande 
basin of south Texas has 6 domes. These are the 
only true salt dome basins in the United States. 
The Paradox Basin of western Colorado and east- 
ern Utah contains salt structures, but these are 
elongated anticlines rather than domes. 

Salt domes are known in many other parts of 
the world. They are found in northern Germany, 
Denmark, Rumania, northeastern Spain, south- 
western France, the Persian Gulf and along its 
northeasterly coast in northern Iran, the Emha 
basin of Russia just north of the Caspian Sea, and 
in several smaller basins in northern Pakistan, 
along the west coast of French Equatorial Africa, 
and on the Isthmus of Tehauntepec in Mexico. 

Cap rock. In many of the domes in southeastern 
United States and to a certain extent in other parts 
of the world, particularly in Germany, a cap rock 
of limestone, CaCOg, anhydrite, CaSOi, or both, 
occurs on top of the salt. The process by which the 
cap rock is formed is not completely understood. 
The most acceptable theory supposes that anhy- 
drite, which is usually a disseminated constituent 
of the salt, is concentrated as salt is dissolved awav 
by circulating meteoric waters. 

Economic importance. Where the salt has in- 
truded petroliferous sediments, the resulting de- 
formation often forms traps in which oil accumula- 
tion occurs. Salt dome oil fields of ll • Gulf Coast 
are currently producing approximately 300,000,000 
barrels per year. Salt dome oil fields are also im- 
portant in Germany, Rumania. Mexico, and Me 
Emba Basin of Russia. .See Petroleum GEOLoor. 

A relatively small number of Gulf Coast domes 
are a very important source of sulfur, which occurs 
in the pores of the limestone cap rock. The sulfur 
is recovered by the Frasch process in which super- 
heated water is circulated to heat the body of cap 
rock above the melting point of sulfur, which \ 
pumped out as a liquid (see Sulfur). Of the large 
number of salt domes in the Gulf Coas% region of 
the United States, only about 18 have hlid sufficient 
sulfur for economical production. The only other 
cap rock sulfur production is from the Isthmus of 
Tehauntepec in Mexico. The Frasch process of 
sulfur production from salt domes recovers about 
7,000,000 long tons per year or approximately 40% 
of the world’s sulfur supply from all sources. 

In a few domes salt is mined either by opening 
shafts into the salt or by drilling wells through 
which water is circulated to dissolve the salt. Salt 
production from domes is about 5,000,000 tons 
per year. See Diapiric structures. 

[l. l. nettleton] 

Bibliography i D. C. Barton and G. Sawtelle 
(eds.), Gidf Coast OU Fields, 1936; R. C. Moore 
(ed.), Geology of Salt Dome Oil Fields, 1926. 


Salt gland 

A specialized gland located around the eyes and 
nasal passages in marine turtles, snakes, lizards, 
and in birds such as the petrels, gulls, and alba- 
trosses, which spend much time at sea. They arc 
compound tubular glands which apparently arise 
as invaginations of the epithelium of the nasal pas- 
sage or from the developing conjunctival sac of the 
eye. In the marine turtle it is an accessory lacrimal 
gland which opens into the conjunctival sac. In 
sea-going birds and in marine lizards it opens into 
the nasal passageway. Salt glands copiously se- 
crete a watery fluid containing a high percentage 
of salt, higher than the salt content of urine in 
these species. As a consequence, these animals are 
able to drink salt-laden sea water without experi- 
encing the dehydration necessary to eliminate the 
excess salt via the kidney route. See Gland. 

To. E. nelson! 

Salting-out effect 

The decrease in solubility of a species in 'water 
resulting from the addition of an electrolyte to the 
aqueous solution. Gases and organic solids and 
liquids become less soluble in water in the pres- 
ence of a salt chemically inert toward them. The 
<<oliibi1ity of such substances in water depends 
upon a chemical or phvsical interaction between 
solute and water molecules. Ions from a dissolved 
salt interact through fairly strong electrical forces 
with watei , and become surrounded by a sphere of 
oriented water molecules. The water held by the 
salt is then less free to interact with other solute 
molecules. 

Some colloidal suspensions may also be precipi- 
tated by the addition of a salt to the suspending 
medium. See Colloid; Electrolyte; Isoelectric 
coivt; SoLiiTioT^; .Solvent extraction. 

[t. j. Johnston! 

Samarium 

Element number 62. samarium, Sm, is a metallic 
element belonging to the rare-earth group. Its 
atomic weight is 150.35, and the naturally occur- 
ring stable isotopes are Sm*^^ 3.09%, Sm^*^ 
14.97%, Sm’« 11.24%, Sm^^® 13.83%, Sm«® 
7.44%, Sm^«^ 26.72%, Sm*« 22.71%. The element 
was discovered in 1879 by L. de Boisbaudran, and 
was obtained in the form of very pure compbunds 
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by E. Demargay in 1901. The element can be sepa* 
rated from the other rare earths in its trivalent form 
by ion-exchange methods. The element also exists 
in the divalent form, but the divalent ion in solution 
slowly decomposes water. The metal can be ex- 
tracted from solution into sodium amalgam but 
cannot be prepared pure in this manner, because 
samarium distills with the mercury as an interme- 
tallic compound. Reduction of samarium salts with 
calcium or alkali metals usually gives the divalent 
salt. The metal, however, can be prepared in the 
very pure form by mixing the oxide with lanthanum 
metal or misch metal which has had the other di- 
valent metals removed, and distilling under a vac- 
uum. Samarium metal has an appreciable vapor 
pressure at the melting point so that it distills 
away from the mixture and ran be condensed in a 
very pure form, to leave lanthanum oxide in the 
residue. For a discussion of the properties of the 
metal, see Rare-earth elements. 

Samarium oxide is a pale yellow color, is readily 
soluble in most acids, and gives topaz-yellow salts 
in solutions. Samarium has found rather limited 
use in the ceramic industry, and it is used as a 
catalyst for certain organic reactions. One of its 
isotopes has a very high cross section for the cap- 
ture of neutrons, and therefore there has been 
some interest in samarium in the atomic industry 
for use as control rods and nuclear poisons. See 
Lanthanum. 

Sampled-data control system 

A form of control system in which the signal ap- 
pears at one or more points in the system as a se- 
quence of pulses or numbers usually equally spaced 
in time, l^e system may be either open-loop or 
closed-loop, although the latter form is of more 
significance. See Control systems. 

The operation which converts continuous data 
into pulse sequence form is referred to as sampling. 
Sampling is introduced into a system by elements 
such as scanning radars, digital data links, digital 
computers, time-shared data links, or mechanical 
switching devices. These elements all have the prop- 
erty in common that they can receive, transmit, or 
transduce intermittently, that is, once every sam- 
pling instant. For example, a digital computer 
used as an in-line digital controller will accept a 
number only once every cycle time or sampling 
Interval. Sampling instants are separated from each 
other by time intervals whose length depends on the 
complexity of the computation. See Computer con- 
trol system. 

A typical but not necessarily unique structure 
for a sampled-data control system is shown in the 


figure. The basic elements in the system are identi- 
fied. The control error is sampled by means of a 
sampler, shown schematically as a mechanical 
switch, which closes momentarily at each sampling 
instant separated T seconds from the previous in- 
stant. The digital controller that follows the first 
switch accepts a data sample every T seconds. 
These input data samples are processed mathemati- 
cally to generate an output number which is ap- 
plied to the plant or process as a manipulated num- 
ber sequence. Since physical plants or processes 
are continuous, the manipulated number sequence 
must be reconstructed into a continuous signal be- 
fore being applied to the plant. The data recon- 
struction device shoviifi in the figure is variously 
called a data hold, desampling filter, or data ex- 
trapolator. The remainder of the control system is 
conventional. Many other system configurations are 
possible. For instance, the digital controller may be 
in the feedback line, the sampling operations may 
take place at a number of other places in the sys- 
tem, or there may be samplers operating with dif- 
ferent sampling intervals. 

The process of sampling causes a certain loss of 
information that is contained in the continuous 
signal from which the sample sequence is obtained. 
Signal variations may occur in the continuous sig- 
nal between sampling instants and may%ot be de- 
tected in the number sequence. If the continuous 
signal is varying very rapidly, the sampling rate 
must be fast enough to sense these variations. A 
practical^ rule is that the frequency of sampling 
should be four or five times the highest significant 
frequency contained in the continuous signal. Be- 
cause the signal is intermittent at the output of the 
sampler, a small oscillation known as ripple is in- 
duced in the system unless special precautions are 
taken. 

Sampled-data feedback systems have the same 
properties and limitations of continuous systems 
but are complicated by the effects of the sampling 
operations. The analytical study of sampled-data 
systems is facilitated considerably by the use of a 
transform calculus analogous to that used in con- 
tinuous systems. This technique, known as the 
z transformation, is a modified form of the Laplace 
transformation used in continuous systems. The 
main difference is the use of an auxiliary complex 
variable z which is defined as rather than the 
usual Laplace complex frequency variable s. By 
this use of this auxiliary variable, such concepts as 
the Nyquist stability criterion, the transfer func- 
tion, and input-output relationships are found to be 
very similar to those of continuous systems. A pow- 
erful concept in sampled-data systems is the pulse 









transfer function which relates the output and input 
pulse sequences in a linear system. Tables of pulse 
transfer functions and z transforms are available. 

An advantage of sampled-data control systems Is 
that a digital controller ran be programmed to 
produce a linear control system that settles com- 
pletely after a few sampling intervals have elapsed. 
Such a system responds to an input or disturbance 
with a transient response that disappears com- 
pletely after a finite time has elapsed and achieves 
a neutral steady state. While completely continuous 
linear systems can settle to a prescribed percentage 
of the steady state in a given time, their transients 
do, in fact, have infinite duration. Some of these de- 
sirable properties of sampled-data systems can be 
enhanced by the use of multirate digital controllers, 
that is, digital controllers which produce a number 
of solutions for each input number to the controller. 

Bibliography : J. R. Ragazzini and G. F. Franklin, 
Sampled-Data Control Systems, 1958; J. R. Kagaz- 
rini and L. A. Zadeh, The analy^iis of sampled- 
data systems, Trans. AJ.E.E., Part 11, 71:225-234, 
1952: J. G. Triixal Automatic Feedback Control 
System Synthesis. 1955. 

Sampling techniques 

In analytical chemistry, the operations required to 
obtain a laboratory samjile from a large quantity of 
raw material. Most commercial materials are not 
homogeneous, that is, their compositions vary from 
portion to portion If the analysis for a constituent 
is to be significant, the portion used in the labora- 
tory must have the same composition as that of the 
original material. The problem of obtaining a lep 
resentative sample may be more difficult than the 
problems of analysis. 

Sampling of a gas is diffn ult. Special equii«ment 
and procedures are required to obtain a lepieseiila- 
tive, homogeneous portion for analysis. See Gas 

ANALYSIS. 

Liquids. Homogeneous liquids in tanks or bar- 
rels are sampled by dipping several portions from 
different locations or by drawing off portions from 
several containers. Liquids flowing in open n v c** 
or in pipes aie sampled by dipping from the open 
stream or by using a bypass system orf a pipe. It is 
important that sufficient liquid be taken to have a 
representative sample. The sampling of a multi- 
phase liquid must be done so that the portion re- 
moved has the same relative amounts of the differ- 
ent phases as the original material. One way to do 
this is to use a sampling thief, a long tul^ with 
holes which can be opened in the liquid and then 
closed so that portions representative of different 
levels are obtained. A system with solid dispersed 
in a liquid should be agitated before sampling. 

SoMt. Segregation is a major problem, so usu- 
ally Q.5-Z0% of the material is taken as the gross 
sample to be certain of a representative portion. 

Metallic materials such as steels, brasses, sheet 
metals, and wires are sampled by drilling, outting, 
milling, or filing if reasonably homogenous, or 1^ 
taking very fin o drillings from several locations if 
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segregation of components is known to exist. After 
thorough mixing by rolling the drillings, or par- 
ticles, on paper, the sample is assumed to be repre- 
sentative. This is not always true, however, as dif- 
ferent size particles may yield different analyses. 

If the surface is not the same as the interior, for 
instance, in a case-hardened steel, care is required 
to distinguish between the two parts of the sample. 

Nonmetallic materials, such as coal, ores, rocks, 
ore veins, and soils, consist of particles of varying 
size as well as of varying composition. The gross 
sample is taken by a sampling thief if the material 
ib in bags or barrels. If the material is shoveled, 
ever> nth shovel is set aside. If the material is 
handled by conveyor, an automatic arrangement 
such ab a slot or divider removes a definite fraction. 
Several portionb of ore veins or soil must be re- 
moved and mixed. The gross sample crushed with 
mechanical equipment and piled into a flat cone. 
Two opposite quarters of the cone are removed, 
mixed by sho\eling if a large quantity or by rolling 
on cloth if a small amount, and ground to a smaller 
particle size. This process is repeated until only 
8-10 lb IS left. This portion is ground in a ball-mill 
to the particle si/e required for the laboratory sam- 
ple. Care is necessary to be certain that no impuri- 
ties are introduced and that no material is lost in 
the process. 

Aliquot portions. Even with care, the final lab- 
oratory sample may be somewhat heterogeneous. 

In this case a portion several times the amount 
needed for an .iiialysis is dissolved in a suitable 
solvent, and the sample solution is diluted to a defi- 
nite volume. A fraction of this solution, usually one- 
fifth or one-tenth, is taken for analysis. This frac- 
tion taken is called an aliquot. 

In general, standaid sampling procedures have 
been recommended for most materials of com- 
merce. See Analyikai chemistry. rK.G.s.} 

Bibliography: N. H. Furman (ed.), ScotFs 
Standard Methods of Chemical Analysis, 5th ed., 
1939. 

Sand 

A loose material consisting of small mineral par- 
ticles, or rock and mineral particles, distinguish- 
able by the naked eye. Most sands are formed by 
natural agencies. Many deposits of such sands con- 
tain clay and silt in varying amounts; some de- 
posits contain pebbles. Tlie mineral composition 
of sands varies as does the size of the grains com- 
posing them. Sands are widely distributed and have 
many industrial uses. In 1956 234^70,120 short 
tons of sand having an average value of 11,05 per 
ton were sold or used by producers in the United 
States. All states reported production. 

The term sand also is applied, especially com- 
mercially, to small mineral or rock particlm pro- 
duced by crushing larger materials; for example, 
limestone sand made by eTushing limestdae, slag 
sand from slag, or sand made by crashing qvoitahpa^ 
Various granular materials, not vmtmitify el m- 
organic composition, likewise may be eaSM ifaid 
because they consist cl sand sias partkiha 
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Sand told or imad by produeera in IMS* 


Use 

Tons 

Value 

Average 

value 

Building 

117,149,729 

$110.610,69« 

$0 94 

Paving 

85.904.199 

68,104,395 

0 79 

Molding 

7.961.849 

16.639.515 

2 09 

Glasa 

6,837,237 

19,575,063 

2 86 

Grinding and 




polishing 

1,668,502 

5,250.606 

3 15 

Engine 

1,3.56,386 

1,825,532 

1.35 

Uailroad ballast 

917,491 

551,718 

0.60 

Fire or furnace 

686,647 

1..39S..552 

2.03 

Filter 

548,557 

848,820 

1.55 

Other 

11, .539.523 

21,312,882 

1 85 

Total 

234.570.120 

$246,114,779 

II 05 


8ut nee* U.S bureau of Miura, 195^ Minerals Yearbook, 
vol 1, p 986 

* Data include both commercial and government-and> 
coulractor operations. 


Natural sands result primarily from the disinte- 
gration of rocks by weathering or erosion. Streams 
and the waves and currents of lakes and oceans are 
major agencies eroding rock into sand. The grind- 
ing action of glaciers is another important sand- 
producing agency. 

Some sand deposits are formed in place by the 
weathering of rocks, such as sandstone. Others are 
the result of the sorting out and concentration of 
sand from particulate material (composed of par- 
ticles of various sizes) by the running water of 
streams or by the waves and currents of lakes and 
seas. Wind also concentrates sand from certain ma- 
terials. Deposits of sand accumulate as bars in 
rivets and streams, in river deltas, as beaches and 
bars of lakes or seas, and as dunes built up by wind. 
They may be designated by the name of the place 
where they are found as river sand, lake sand, or 
dime sand. More technical terms may be used, as 
fluvial, lacustrine, and eolian sand, for the same 
three occurrem es. 

The mineral quartz is probably tbe moat common 
major constituent of sands, but locally other ma- 
terials may predominate as in coral sands, gypsum 
sands, or black sands (composed of fragments of 
volcanic rocks). The sands in which quartz is the 
major component usually contain various amounts 
of other mineral grains. Coarse-grained sands also 
may contain small rock fragments. The nonquartz 
particles are of diverse character and in many cases 
reflect the mineral composition of the original 
source materials from which the sands were de- 
rived. 

Sand grains vary from almost spherical to an- 
gular. Industrially, angular sands are sometimes re- 
ferred to as sharp sands. The degree of rounding of 
sand grains is in large measure an indication of 
the amount of wear to which they have been sub- 
jected. 

There are no generally accepted size limits for 
sands. Sands used in the construction industry are 
commonly finer than Vi in., or will pass a 4 mesh 
sieve but will be retained on a 200 mesh sieve. 


Geologists use maximum and minimum limits of 
2 mm and Ms mm. 

Sand has many commercial uses. It is extensively 
utilized in construction as fine aggregate for con- 
crete, mortars, plasters and for many other pur- 
poses. Black sands, such as those in Florida, con- 
tain ilmenite (FeTi0.i) and rutile (Ti02) in such 
quantities that they can be recovered for commer- 
cial use. Green sands contain the mineral glauco- 
nite and have been employed as fertilizers because 
of their potash content. 

The term silica sand is applied to sands com- 
posed almost exclusively of grains of the mineral 
quartz (Si02). There are no exact limits for the 
silica content of silica^ sands but they commonly 
contain more than 95% Si02 and some of them 
more than 99%. Silica sand is used in glass making, 
as molding sand, refractory sand, filter sand, grind- 
ing and polishing sand, and for many other pur- 
poses. Silica sands are sometimes referred to as 
Industrial sands. 

Natural-bonded molding sand contains sufficient 
clav and other bonding material so that it can be 
used for making molds in which metal is cast. 
Synthetic molding sand consists of silica sand to 
which is added a controlled amount of firec lay, 
bentonite, or other bond. See Ci Ass and m ass 
products; QiJAKIZ; RFPRAfTORY; SlDIMfNTARY 
rocks; SfdimI'Ni A iiON (cvoiogy). |tii I 

Bibliography: R. B. Ladoo and W. M. Myers, 
Nonmetalhr Minerah, 2d ed., 19.SI; F. J. Pettijohn, 
Sedimentary Rocks, 2d ed., 1957; J. R. Thoenen 
and 0. Bowles. Mineral Fads and Problems, U.S. 
Bureau of Mines Bull. 5.56, 1956. 

Sand dollar 

A member of the order Clypeasteroidea, class 
Echinoidea, phylum Echinodermata. There are 
several species, perhaps the best known being the 
common sand dollar, Echinararhnius parma. This 
species IS common on the Atlantic Coast from New 



The sand doller, Echinaraehnius parma; dlomefer less 
thon 3 in. (From £. L Palmor, Fioidbook of Nohtral 
HMory, McGraw-Hill, 1949) 


Jersey northward, and on the Pacific Coast south 
of Puget Sound. Sand dollars are basically similar 
to the related sea urchins, and like the latter, sand 
dollars have the same fundamental organization as 
the starfish. The flat discs are circular or oval. 

Sand dollars have short tube feet and numerous 
short spines, about ^is in. long, so closely packed 
that they look and feel like velvet. These animals 
range in color from gray or brown through purple 
to blac k. They may be found in great numbers on 
quiet water sand flats, and also occur at substan- 
tial depths, avoiding surf at all times. The whitened 
skeletons of sand dollars are among the most com- 
mon animal remains picked up on exposed beaches. 
Their general physiology, food, and reproduction 
are <iimilar to those of sea urchins. In some localities 
these animals are called sea biscuits or cake ur- 
chins. 6c ^ Ecjiinodermata. Ijd.b.1 

Sandalwood 

This name is applied to any tpecies of the genus 
Santalum of the sandalwood family ( Santalac eae ) . 
Howevei, the true sandalwood is the hard, close- 
grained. aiomalK heat t wood of a parasitic tiee. 



Sandalwood (From O Degener, Ferns and Flowering 
Plants of Hawaii National Park, 1930) 


6. alburn^ of the Indo-Malayan region. This fragr*. n\ 
wood is used in oinamental carving, cabinet work, 
and as a source of certain perfumes. Tl^p odor of 
the wood is an insect repellent and on this account 
the wood is much used in making boxes and chests. 
The fragrant wood of a number of s|»ccies in other 
families bears the same name but none of these is 
the real sandalwood. See Santalales. [p,d.s.] 

Sandpiper 

Any of a large number of shore birds of the family 
Scolopacidae. This is a cosmopolitan family of 83 
species, 32 of which occur in the United States. 
Several are not called sahdpipers, this name being 
ippHed to only 13 species in the United States. 
They are alike in being relatively long-legged wad- 
ng birds, usually with long bills which are pitted, 
joft at tip, and abundantly supplied with 
lerves. They generally probe In the mud for thdr 
food, which is detected by the sensitive bill tip. All 
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The spotted sandpiper, Actitis macularia; length to 8 
in. (From E L Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 


are highly migratoiy, and most ot the United 
States species winter in South America. 

Most sandpipers are streaked brown or gray 
above and white below, a color pattern seemingly 
icvealing on the bare shores they frequent but 
demonstrated to be effectively concealing. Sand- 
pipers frequent shores of both inland waters and 
the sea, although they are more common along 
American seacoasts than in the interior. They nest 
singly but frequently gather in flocks during mi- 
grations. Formerly considered game birds, their 
numbers have been greatly depleted by a combina- 
tion of ovei shooting and destruction of habitat, 
both in this country and in their winter homes. 
Woodcock are still hunted in parts of the United 
States. Legal protection has helped to restore the 
numbers of the larger sandpipers. The smaller spe- 
cies have not been depleted as much as the larger 
ones. See Charadriiformfs; Snipe: Wood(OCK. 

rj.D.B.] 

Sandstone 

A dttrital sedimentary rock formed by the cementa- 
tion of individual grains of sand-size particles 2* 
Mn mm in diameter. The giains in most sands are 
commonly composed of the mineral quartz, but 
many other minerals and even fragments of other 
rocks may be included. Sandstone may grade into 
shale which is composed of particles less* than 
Hn mm in diameter or conglomerate containing 
fragments greater than 2 mm in diameter. Sand- 
stones, particularly those with a silica cement, are 
used for structural purposes. See Sand; Stone and 

STONE PRODUCTS. 

Perhaps more thought has been given to the de- 
scription and classification of sandstones on i. com- 
bined descriptive and genetic basis than to that of 
any other group of sedimentary rocks. This is partly 
because of their abundance (second cmly to ^ale) 
and because they lend themsdves more easily to de- 
tailed study, particularly microscopy. 

Particlo tiao. The simplest subdivision of the 
sandstones is on tHe basis of size of the particles: 



very coarse sand, with a range in particle she of 
2-1 mm; coarse sand* mm; medium sand, 
mm; fine sand, mm; and very fine sand, 
H-Ms mm. Silt is divided similarly, going from 
coarse silt, mm, to medium silt, Vb-464 mm, 

to fine silt, mm, and to very fine silt. Mss- 

Mbs mm. This division of sandstones on the basis 
of particle siae is useful in relating the deposit to 
the strength of the current that transported the 
sand, for, in general, the stronger the current, the 
larger the particle size. See Sedibientation (ge- 
ology). 

Mimrakigy. More useful for genetic interpreta- 
tion than size distributions is the mineralogy of the 
sandstones. Both composition and stable charac- 
teristics of the minerals are important. 

Mineral composition. Sandstone particles vary 
greatly in mineral composition, including such 
common minerals as quartz, feldspar, and the sev- 
eral clay minerals; a great number of minor min- 
erals, normally found only in small quantities, such 
as garnet, tourmaline, zircon, rutile, staurolite; and 
some of the ore minerals, magnetite, pyrite, and 
chromite. In addition to single mineral grains, rock 
fragments of many kinds are found in sandstones. 
The fundamental basis for using mineralogy as a 
criterion for classification is the chemical and me- 
chanical stability of minerals at earth surface en- 
vironments. 

Stability of minerals. Quartz is stable in surface 
environments but feldspar generally is not. Some of 
the rock fragments, such as quartzite, or chert, are 
stable but fragments of many igneous and meta- 
morphic rocks are not. Thus the presence of only 
stable minerals and rock fragments in a sandstone 
implies that any unstable minerals or rocks present 
in the source area, whose erosion products supply 
the sediment, have disappeared as a result of chem- 
ical activity during weathering and erosion. It could 
also mean that the source area consisted only of 
sedimentary rocks with stable minerals. On the 
other hand, the presence of much feldspar, an un- 
stable mineral, in a sandstone must mean that 
feldspathic rocks (igneous and metamorphic) were 
being eroded mechanically at such a rate that 
chemical weathering did not have the opportunity 
to destroy them. This interpretation can be utilized 
further by relating the ratio of mechanical to chem- 
ical weathering and topographic relief in the source 
area. The greater the relief, the more rigorous the 
mechanical erosion; the less the relief, the greater 
the effect of chemical erosion. Ultimately, the topo- 
graphic relief of any area must be a function of 
tectonic activity, including broad uplifts and moun- 
tain-building activity. Therefore, by this chain of 
reasoning, the mineralogy of the sandstone may 
reflect source erea rock composition, topographic 
relief, and tectonic state. 

Textuee. The second fundamental property of 
sandstones is texture. Any sandstone consisto of two 
textural elements, the larger particles that make up 
the bulk of the rock or the framework, and the 
voids between the grains, which may or may not 


be filled. The framework fraction is described pri- 
marily in terms of its mineralogy. The voids may 
be vacant as in a modem sand, partially filled, or 
completely filled. The filling of the voids may be an 
original sedimentation effect or it may be a post- 
depositional chemical precipitate. The voids in 
many sandstones are completely filled with a fine- 
grained clay, referred to as the clay matrix. The 
sandstones with a high proportion of clay matrix 
were deposited under sedimentation conditions 
radically different from those conditions under 
which the “clean” (nonclayey) sandstones were 
laid down. It is thought that many of the clay rich 
sandstones were laiA^down by turbidity currents. 
See Turbidity current. 

Structure, A third property, suggested in the 
1950s as being significant in the classification of 
sandstones, is the kind of sedimentary structure 
characteristic of the rock type. Thus some sand- 
stones are cross-bedded; others are not. Giaded 
bedding is characteristic of some sands but not of 
others. It has become apparent that some of these 
sedimentary structures correlate with mineralogic 
and textural features and so lit well with other 
classifications. 

Classification. The classification of sandstones 
that U becoming generally accepted is based on the 
work of P. D. Krynine. F. J. Pettijohn, and others 
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in llm 19408 and 19S08. According to this acbcinc, 
sandstones can be divided into four general classes, 
ortboquartzite, arkose, graywacke, subgraywacke. 
The distinctions between these types are made par- 
tially on the basis of mineralogy and partially on 
the basis of texture (primarily the amount of clay 
matrix). Each of these types tends to have its dis- 
tinctive set of characters, including sedimentary 
structures. They also tend to have preferred as* 
sociations with other clastic and nonclastic rocks 
with which they are interbedded. Although there 
are genetic implications in this classification, any 
sandstone can be put into its appropriate class by 
the application of objective, measurable criteria 
See Arenaceous rock; Arkose; Graywacke; 
Orthoquartzite; Sedimentary rocks; Subgray- 
wacke. [r.s.] 

Sanidinite 

A group of rocks formed by high-grade contact 
metamorphism (pyrometamorphism) and pneuma- 
tolysis of certain sediments, mostly argillites, 
which have been either trapped by the lavas in a 
volcanic vent, or thrown out of the vent as ejecta. 
The most famous sanidinites are those of the 
Laacher .See (I^ake) area. West Germany, which 
have given name to the sanidinite facies of P. Es- 
kola, a facies characterized by extreme high tem- 
perature and low pressure. The original material 
was mostly an alumina-rich schist with quartz, 
feldspar, kyanite, staurolite, and garnet This rock 
has been altered by simple remelting to a glass in 
some places; in other places it has been completely 
recrystallized to form hypersthenc, cordierite, 
corundum, and other minerals. The pucumatolytic 
introduction of soda and other gases has produced 
large crystals of sodium-rich sanidine and various 
minerals containing chlorides, sulfates, and cai- 
bonates, such as cancrinite, noselite, haiiyne, scap- 
olite, apatite, and calcite. Similar mineral assem- 
blages are known from ejecta of many other vol- 
canoes, for example, from those of Vesuvius (Mte 
Somma). See Met amorphic rocks; Metamor- 
phism ; Pneumatolysis- [t.f.w.b,1 

Sanitary engineering 

A specialty field generally developed jif civil en- 
gineering but not limited to that branch. The Na- 
tional Research Council defines the sanitary engi- 
neer as **a graduate of a full 4-year, or longer, 
course leading to a Bachelor’s, or higher, degree 
at an educational institution of recognized sUnd- 
ing with major study in engineering, who has fined 
himse lf by suitable specialized training, studv, and 
experience (1) to conceive, design, appram, dtfect 
and manage engineering works and projects de- 
veloped, as a whole or in part, for the protection 
and promotion of the public healdi, particularly as 
it relates to the improvement of man’s environniOTt, 
and (2) to investigate and correct engineering 
works aiid other projects that arc capable of injury 
to ihe public health by being or becoming f ai^ in 
oonceptien, design, direction, or management.” 
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Sanitary engineering practice includes surveys, 
reports, designs, reviews, management, operatfam 
and investigation of works or programs for 

(1) water supply, treatment and distributum; 

(2) sewage collection, treatment and disposal; 

(3) control of pollution in surface and under- 
ground waters; (4) collection, treatment, and dis- 
posal of refuse; (5) sanitary handling of milk and 
food; (6) housing and institutional sanitation; 
(7) rodent and insect control; (8) recreational 
place sanitation; (9) control of atmospheric pollu- 
tion and air quality in both the general air of 
communities and in industrial work spaces; (10) 
control of radiation hazards exposure; and (11) 
other environmental factors affecting health, com- 
fort, safety, and well-being of people. 

Sanitary engineers engage in research in en- 
gineering sciences and such related sciences as 
chemistry, physics, and microbiology and apply 
these in development of works for protection of man 
and control of his environment. See Air pollution 
control; Radiation injury (biology") ; Sewage; 
Water supply engineering. fw.T.i.] 

Bibliography: The APHA-ASCE-AWWA-FSWA 
Joint Committee Report, Glossary of Water and 
Sewage Control Entd^teering^ 1948; APWA Com- 
mittee on Refuse Collection, Refuse Collection 
Practice^ 2d ed., 1958; H. E. Babbitt, Engineering 
in Public Health, 1952; W. D. Claus (ed.). Radia- 
tion Biology and Medicine^ Atoms for Peace Series, 
1958; V. M. Ehlers and E. W. Steel, Municipal and 
Rural Sanitatton, 5th ed., 1958; W. C. L. Hemeon, 
Plant and Process Ventilation, 1955; R. K. Unsley, 
Jr. and J. B. Franzini, Elements of Hydraulic En- 
gineering, 1955; L. C. McCabe (ed.). Air Pollur 
tion, 1952; K. F. Maxcy (ed.), Rosenau^s Preven- 
tive Medicine and Public Hetdth, 8th ed., 1956; 
F. A. Patty (ed.), Industrial Hygiene and Taxi- 
colog), voL 1, 2d ed., 1958. 

Santalales 

An order of the plant subclass Dicotyledoneae in- 
cluding 4 families with 96 genera and about 1860 
species, lliey have very little economic importance. 
The sandalwood family (Santalaceae) contains 
many semiparasites. Sandalwood {Santalum album) 
of Indomalaysia is noted for its sweetly aromatic 
wood used in cabinetmaking, carving, and perfumes. 
The mistletoe family (Loranthaceae) consisto of 
semiparasidc herbs or shrubs growing on branches 
of trees. The true mistletoe (Viscum album ) is used 
in Christmas decorations. The malla-tree family 
(Olacaceae) is a group of tropical shrubs and 
trees. The balanophora family (Balanoidioraceae) 
is made up of nongreen, total parasites growing on 
the roou of tropical trees. See Mistletoe; Sandal- 
woop; see ofso 'Dicotyledoneae; Embryophyta; 
Plant kingdom. [r.d.s.] 

SapindalM 

An order of the plant anbcltae Dicotyledeneae in* 
eluding 16 fainiliea with 323 genora and abouldSM 
•peciea. Theie ia littie ag r ee m ent eoncemiaf the 



family relationships. Two families, the Limnantha- 
ceae and the Balsaminaceae are herbaceous, but 
all the others are shrubs and trees. Most of the 
families are quite small and of no economic impor- 
tance. The maple family (Aceraceae) produces 
valuable timber and maple sugar. Other members 
yielding useful products or used as ornamentals are 
mango {Mangifera indica)^ cashew, pistachio, box, 
holly, euonymus, horse-chestnut, and lychee. Poison 
ivy, poison oak, and poison sumac — members of 
the sumac family (Anacardiaceae) — cause a der- 
matitis and therefore are plants of ill repute. An- 
other member of this family, the varnish tree (Rhus 
vernicifera) ^ is the source of lacquer. See Buck- 
eye; Cashew; Holly; Lychee; Mango; Maple; 
Pistachio; Poison ivy; Poison sumac; Quebra- 
cho; Varnish tree; see also Dicotyledoneae; 
Embryophyta; Plant kingdom; Tree. [p.d.s.] 

Sapphire 

The name given to all gem varieties of the mineral 
corundum, except those that have medium to dark 
tones of red that characterize ruby. Although the 
name sapphire is most commonly associated with 
the blue variety, there are many other colors of 
gem corundum to which sapphire is applied cor- 
rectly; these include yellow, brown, green, pink, 
orange, purple, colorless, and black. The lovely 
orange variety of gem corundum is known by the 
exotic name of padparadsha and as orange sap- 
phire. In addition to transparent varieties of sap- 
phire, an equal number of translucent types are 
fashioned in high-domed cabochons (curved cut- 
tings) to bring out the six-rayed stars for which 
sapphire is famous. Asterism, the star effect, is the 
result of reflections from tiny, lustrous, needlelike 
inclusions of the mineral rutile, plus the domed 
form of cutting. The minute rutile crystals are ori- 
ented in three sets parallel to the base of the corun- 
dum crystal, with one set parallel to each of the 
three pairs of parallel prism faces. See Corun- 
dum ; Rutile. 

The most famous source of blue sapphires is 
Kashmir, the northernmost state in the Indian Pen- 
insula; however, this deposit appears to have been 
exhausted. The most important source today is the 
Mogok area of Burma, which is also the most im- 
portant source of ruby. Mogok produces a number 
of other colors, as well as blue and red. Thailand 
and Ceylon are fairly important sources, the 
former particularly of inky, dark-blue stones, and 
the latter of stones too light in tone to achieve 
maximum value. Australia is the source of very 
dark-blue transparent sapphires, black-star mate- 
rial, and transparent golden sapphires. Light- to 
medium-blue sapphires are mined from a basic 
igneous dike in Montana. Most of the gem-sap- 
phire sources occur either in alluvial deposits or in 
the type of marble which results from the intrusion 
of an igneous mass into an impure limestone. 

Blue sapphire is most valuable when it is a me- 
dium to medium-dark tone of a slightly violet-blue; 
this is often referred to as a cornflower blue. The 


Kashmir grade has a slightly **8le^py*’ appearance, 
caused by inclusions that reduce transparency 
somewhat. Blue sapphire is much more valuable 
than any other color. The best of the transparent 
stones are slightly more expensive than the finest 
stars. Sapphire has a hardness of 9, a specific grav- 
ity near 4.00, and refractive indices of 1.76-1.77. 
See Gem. TR-t.l.] 

Sapropel 

A mud, slime, or ooze deposited in more or less 
open water. Sapropel may vary widely in composi- 
tion depending upon relative contributions from 
decomposing substances derived from plants and 
animals. Hydrogen ^ sulfide, produced during the 
initial biochemical degradation of these substances, 
promotes preservation of the more resistant parts 
of the organisms. Most marine sapropelic deposits 
contain no appreciable contribution from humic 
substances of terrestrial origin, but certain car- 
bonaceous marine shales appear to contain some 
humic matter that was part of the original sapro- 
pelic deposit. Metamorphism of a sapropelic de- 
posit leads to such products as torbanite. oil shales, 
and asphaltites. See Asphalt and asphaltite; 
Oil shale; Torbanitl. [i.a.b.] 

Sapsucker 

Any woodpecker of the genus Sphyrapicus^ repre- 
sented in the United States by two species, one 
with several distinct races. Best known is the yel- 
low-belied sapsucker, S, vatius varius^ of the east- 
ern United States and southern Canada. Sapsuckers 
are perhaps the only woodpeckers that can be 



The yellow4)eiKed sapsucker/ Sphyrapkus variusj 
length to 8^ in. (G. Ronald Auding, National Audubon 
Society) 


accused of damaging trees. This is because of their 
habit of drilling closely spaced rings of holes 
around trees, especially maples, to obtain the 
inner bark, which they eat. Sapsuckers also revisit 
old drillings to eat the sap and the insects that are 
trapped in it. See Piui>ormls; Woodpecker. 

fj.D.B.l 

Sarcodina 

A subphylum of the Protozoa in which movement 
involves protoplasmic flow, sometimes with recog- 
nizable pseudopodia. However, certain species de- 
velop flagella at a particular stage su(*h as the 
gametes of certain Foraminiferida. These flagellate 
stages in the life cycles show dimorphism. Most 
Sarcodina are floating or crc*eping; a few are ses- 
sile. The pellicle is quite thin, hence, the bodv is 
plastic and shows arnehoid movement unless re- 
strained by skeletal structures. Sarcodina arc rep- 



Fi#. 1. HaNozoa. (o) Ae«no*pfca«rium, from life, 
(b) Adlnophryt, from Ufa. (c) Axopodlom of Actlno- 
tphtnrium, highly mogniflocl. (<f) Hofarophry*, from Ufa. 
(o) Aeonfhoeyffh (oftor iMidy), (From L. H. Hymm, Th» 
InvwHbnriw, yo/. 1, MeGnw4lHI, 1940) 
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Fig. 2. Radiolaria. (a) Thalassicola, one of the Peripy- 
lino without skeletal elements (offer Hath), (b) Biflogel* 
late gamete (afit^r Le Co/vez). (c, d, e) Skeletons repre- 
senting certain Monopylina (or Nassellina), Peripylino 
(or Spumellino), and Monopylina (offer Haeckel). 
(f) Central capsule, one of Monopylina showing one 
group of pores (offer Haeckel), (From L. H. Hyman, The 
Invertebrates, vol, 1, McGraw-Hill, 1940) 


resented in fresh, ealt, and brackish waters and as 
ectoparasites and endopai ashes of many hosts. 

On the basis of pseiidopodial structure, the Sarco- 
dina have been divided into two classes, the Actino- 
podea, typically with axopodia, and Rhizopodea, 
in which the pseudopodia are of tvpes other than 
axopodia The Actinopodea include the orders 
Helioflagellida, Heliozoida, and Radiolarida and 
the Rhizopodea comprise the orders Proteomyxida, 
Myoetozoida, Amoebida, Testacida, and Fcrramini- 
ferida. 

Orders of Actinopodea. Helioflagellida, in addi- 
tion to axopodia, have one or more flagella, either 
constantly or in one phase of a dimorphic cycle. 
Some are marine; others occur in fresh water. 

Heliozoida (Fig. 1) have thin, radially arranged 
pseudopodia along which a flow of granulea is char- 
acteristic. Although axonemes have not been seen 
in certain genera such as ChoanorystU and e- 
driorrstis^ typical axopodia occur in most Helio- 
zoida. Food is captured when a microoTgattism 
adheres to the sticky axopodia. Axonemes may dis** 
appear in this region and the prey beemms sur- 
rounded by cytoplasm. 


M Sarcadina 

Radiolarida (Fig. 2) are pelagic organisms rep- 
resented by fossils dating from Lower Silurian de- 
posits. Pseudopodia are supposedly axopodia but 
axonomes are missing in some species. Unlike the 
HeUoaoida, Radiolarida have a central capsule sep- 
arating the inner from the outer cytoplasm. The 
capsule is commonly spherical to ovoid and is per- 
forated to permit cytoplasmic continuity. Nuclei, 
which are intracap^ular, vary in number. Usually 
there are many in Actipylina and one in Mono- 
pylina and Tripvlina. Skeletal elements may be 
composed of strontium sulfate in the suborder 
Actipylina, or of siliceous material as in most of 
the Radiolarida. In Actipylina the major elements 
are spines radiating from the center of the body. In 
siliceous types the skeletal elements, which lie out- 
side the central capsule, show a varietv of intricate 
patterns (Fig. 2) such as perforated shells with 
single or concentric layers, bivalve shells, helmet- 
shaped shells, tripods, and other forms. 

Orders of Rhixopodea* Skeletal elements of 
Rhizopodea range from none in amebae to compli- 
cated foraminiferan tests (Fig 3). In certain Tes- 
tacida, scales or plates, secreted by the organism, 
are cemented into a solid test as in Euglypha. With 
one reported exception, Paraquadrula^ in which the 
plates are of calcium carbonate, the tests of 
Testacida are mainly siliceous except in a few 
primitive genera with flexible tests In Etiglypha, 
skeletal plates are formed during growth and stored 
in the cytoplasm. At fission, one of the daughter 
organisms receives the stored plates for its new 
test. In Difflugia and related genera, sand grains 
or other foreign particles are cemented into an 
arenaceous test 

In certain Foraminiferida, a primitive chitinoiis 
test becomes the test of the adult. Usually, however, 
an initial chitinous test is strengthened during 
growtli by the addition of inorganic salts or foreign 
particles. In formation of arenaceous tests (Fig. 
3i), sand grains, sponge spicules, and other ma- 
terials arc cemented onto a primary chitinous test 
However, tests of most Foraminiferida are mainly 
calcareous, rarely siliceous, secretions, the material 
presumably corresponding to the cements used in 
arenaceous tests. During growth of some primitive 
types, the old test is discarded and replaced by a 
new and larger one. More specialized multilocular 
Upes merely add new chambers to the preceding 
ones as growth continues (Fig. 3). The protoplasm 
is continuous from one chamber to the next, since 
the aperture of each chamber remains partly or 
completely open after a new chamber is added 
These openings, or foramina, between chambers 
suggested the taxonomic name for the group. At 
maturity, the final aperture may be different from 
the apertures of the earlier chambers 

The pseudopodia of Foraminiferida arc myxo- 
podia (rhizopodiai which form a sticky network, 
often covering an area many times the diameter of 
the test. They thus serve as an efficient food trap 
(Fig 3ni, p) Once surrounded by pseudopodia, the 
food undergoes digestion, which may be partial or 


complete in certain species, outside the test. Myxo- 
podia may, in addition, take part in construction of 
test and cyst walls and, in locomotion, can pull the 
body along a surface toward some point of attach- 
ment. Some species creep at the rate of several 
millimeters an hour. 

Life cycles include syngamy in certain Helio- 
zoida, Mycetozoida, and Foraminiferida. Evidence 
is less than conclusive for other groups. A few 
foraminiferan cycles show dimorphism correlated 
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Fig. 3. Forominifera. (n, b) Forominifaran tests, no- 
dosaroid types, (c) Textularid type of test, (d) Spiral 
test (offer Corpenter). (e) Cycloid test (Dhcospirulinal 
(f) Test of Logeno. (g, h) MIcrospheric and megalo- 
spheric tests of Cornuspira. (0 Arenaceous test (Soe- 
corfcizo). (f) Test representative of family Miliolidae. 
(k) Spiral test (E/phidium). (/) Textuforia, living speci- 
men. (m, n) G/obigerina, living, megolospheric and 
microspheric. (o) Gromia (offer Jeppth (p) Supposed 
flagellated gamete of Gromia. (From L H. Hyman, The 

In verfebrofei, vol. 1, MeGraw-Htll, 1940) 
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with an alternation of generations (Fig. 3n, o) in 
which there is an asexual microspheric adult, with 
a small initial chamber and a gamete-producing 
magalospheric generation, with a large initial 
chamber. The asexual adult divides into a number 
of young organisms which build new primary tests. 
In some species, a cyst wall is laid down before 
reproduction begins. The gamete-producing organ- 
isms produce gametes which are ameboid or flagel- 
lated in different species. Syngamy occurs, and each 
zygote begins construction of a new microspheric 
test. According to a few reports, the gamete-pro- 
ducing generation is haploid in certain species. 
I^ength of the life-cycle ranges from 2-3 weeks to a 
year or longer in different species. .Sec Proto/oa 

[r.p.h.] 

Sarcopterygii 

The Sarcopterygii or choanate fishes, also known 
ds the Choanichthyes or Amphibioidei. comprise 
one of the two subclasses of the bony fishes ( class 
Ostcichthyes). They are characterized by internal 
naies, ihe primitive occurrence of two dorsal fins, 
an epichordal lobe of the caudal fin, and marked 
extension of flesh and skeletal supporting elements 
into the paired fins Two siiperordeis are included, 
the Crossopterygii or lobefin fishes and the Dipnoi 
or lungfishes. These were already distin<t when 
ihev appeared in the mid-Devonian and most spp- 
(les disappeared b\ the early Mesozoic, but one 
I rossopterygian survives at middle-depths of the 
^cd off eastern Africa, and three genera of lung- 
fishes persist in fresh- water swamps of the south- 
ern continents. Although of minor importat. e in 
nmdern life, the Sarcopterygii are of high evolu- 
tionary significance since the terrestrial vertebrates 
have evolvc*d through them. .Sec Crossoptfrygii ; 
Dipnoi ; Osteichth yes. F R.m.b. ] 

Sarcoptiformes 

One of the five suborders of the order Acari These 
are minute (0.3-1..S mm long) globular mites with- 
out stigmata, but there may be a tracheal system. 
The legs may be simple, or enlarged in the male, 
and may terminate in suckers, claws or in a modifi- 
cation of both; their coxae form subdermal app- 
demes on the venter. The chelicerae are normally 
pincerlike. In normal development, these creatures 
pass through three stages, larva, first nymph, and 
second nymph, before becoming adult. Under cer- 
tain conditions a dispersal form, the hypopus, may 
develop between the two nymphal stages. 

This group can be separated rather easily into 
the pale, weaklv sclerotized Acaridiae and the dark, 
heavily sclerotized Oribatei. The former group in- 
cludes such economically significant forms as the 
free-living grain and cheese mites, the parasitic 
itch mites, and feather mites, while the latter group 
includes the oribatid mites, all of which arc free- 
living, though some act as intermediate hosts of 
tapeworms. 

In the Acaridiae are found some of the most seri- 
ous pests of stored food products, such as A car us 
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Fig. 1. A sarcoptiform mite pest of stored food. (The 
Institute of Acarology) 



Fig. 2. The human itch mite. (The Institute of Acarol- 
ogy) 

siro L. (=» Tyroglyphus farinae Latr.) and Tyro- 
phagus castellanii (Hirst) (Fig. 1). These destroy 
large quantities of wheat and othei grains by their 
dirert action, and also by changing the relative 
humidity of these products in storage. They also 
damage stored cheese and dried fruits. The related 
Caloglyphus and Rhizoglyphus spp. are responsible 
for destruction of many varieties of cultivated 
bulbs, tubers, and corms. Economically, the parasi- * 
tological significance of the Acaridiae is secondary 
to their destruction of food. Glycyphagus domes- 
ticus (de Geer), which lives normally on dried 
fruits and organic matter, can cause a skin irrita- 
tion known as grocer’s itch. The same mite has 
been reported as the intermediate host of Catenota- 
enia pusilla (Goeze), a cestode parasite of rodents. ' 
The Sarcoptids (Fig. 2) are skin parasites of warm- 
blooded vertebrates. Sarcoptes scabid and its varie- 
ties burrow in the skin of man, cattle, sheep, goats, 
camels, horses, and dogs under crowded winter 
conditions and produce an itching that can lead to 
secondary infections. Notoedres spp. can cause 
severe mange in the head region ol the cat and 
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Fig. 3 An oribatid mite. (The institute of Acarotogy) 


dog, and Knemidokoptes mutans R. and L. causes 
the highly contagious “scaly leg“ of poultry. A 
variety of this species can deplume poultry. The 
psoroptid mites are represented by Psoroptes equi 
and its many varieties that cause sheep-scabs and 
psoroptic mange in horses and cows. A milder type 
of mange is caused by the species of Chorioptes^ 
and Otodectes cynotis Hering is the causal agent 
of canker of the ears of cats, dogs, foxes, and fer- 
rets. 

Until recently the oribatid mites (Fig. 3) were 
regarded as free-living soil or compost organisms 
of no economic significance. Recent work, however, 
has shown that they play an important part in the 
breakdown of organic matter, and that they act as 
an intermediate host of tapeworms. To date, 13 spe- 
cies of cycloph>llidean tapeworms of the families 
Catenotaeneidae and Anoplocephalidae have ori- 
batid mites as intermediate hosts (see Cyclophyl- 
LiDEA ) . Moniezia expansa, a cosmopolitan parasite 
of ruminants, has been taken from at least nine 
different spec'ies of oribatids of the families Calu- 
mnidae, Oribatulidae, and Pelopidae; and Bertiella 
studerU a parasite of man, from the Galumnidae 
and Oribatulidae. One mite, Scheloribates laevi- 
gatas of the family Oribatulidae, is the vector for 
Anoplocephala magna^ A. perfoliata^ Bertiella 
studeri, Cittotaenia ctenoides, C. denticulataj Moni- 
ezia benedenU M, expansa, and Thysaniezia giardi. 
D. M. Allred gives a complete list of oribatid mites 
and their tapeworms. rH.H.j.N.l 

Bibliography: D. M. Allred, Mites as intermedi- 
ate hosts of tapeworms, Proc. Utah. Acad. Sd.^ 
31:44-51, 1954; E. W. Baker and G. W. Wharton, 


Introduction to Acarology, 1952; H. G. Vitzthum, 
A Carina^ in H. G. Bronn (ed.), Klassen und Ordnun- 
gen des Tierreichs, vol. 5, pt. 4, 1943. 

Sarcosporidia 

A large group of microorganisms of uncertain sys- 
tematic position which are parasitic in skeletal and 
cardiac muscle of many species of vertebrates. 
Their host range is extremely wide and includes 
reptiles, birds, and mammals. Man has occasionally 
been found to be infected, and the human parasite 
is often referred to as Sarcocystis lindemannL It is 
doubtful if Sarcosporidia found in different host 
species are themselves different species, although 
this has often been assumed.' Some think that only 
one valid species exists, Sarcocystis miescheriana 
(Kuhn). 

Even though sarcosporidiosis is common in na- 
ture because these parasites are so widespread, 
much remains unknown about them. The Sarcospo- 
ridia have been variously regarded as an order, or 
a subclass of Sporozoa, or simply as a group “of 
undetermined position.” Recent work by L. Spind- 
ler (not yet confirmed) suggests that they may be 
fungi. Of considerable interest is the fact that the 
Sabin-Feldman dye tests for toxoplasma infection 
are said to give a high proportion of positive re- 
sults in sarcosporidiosis. A close relationship be- 
tween the tw'o diseases is perhaps indicated b> this 
and other facts which point in the same direction. 

The life cvclfe of Sarcocystis of the pig, as devel- 
oped by Spindler, involves the production of mi- 
nute ovoid bodies from the infective spores (Rain- 
ey’s corpuscles). These form mycelia and hyphae, 
as does the typical mold Aspergillus^ which is pos- 
siblv closely related. 

The spores are thought to give rise to new infec- 
tions when ingested with feces-contaminated food 
and water. Upon reaching the muscles of the new 
host, presumably through the blood stream, they 
form “Miescher’b tubes.” These structures are of- 
ten large enough to be visible to the naked eye. 
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Sarcosporldio. Portion of a cyst of Sarcocystis fenella In 
sheep. (From R. R. Kudo, Protozoology, Charlos C 
Thomas, 4th ed., 1954) 



Mild infections are probably the rule in nature and 
Reem to do little harm; heavy infections are some- 
times serious. See Eurotiales. rR.D.H.J 

Bibliography: J. W. Scott, The Sarrosporidia: a 
critical review, /. Parasitol., 16:111-130, 1930; 
L A. Spindler and Harry E. Zimmerman, The bio- 
logical status of Sarcocystis, J. Parasitol. fsuppl.), 
31:15, 1945. 

Sargasso Sea 

A region of the North Atlantic Ocean. The bound- 
aries of the Sargasao Sea are clearly defined in the 
west and north by the Gulf Stream. In the east it 
extends to 40® W and in the south to 20® N, though 
these boundaries are less definite (Fig. 1). 

The Sargasso Sea gets its name from the indig- 
enous, yellow-brown, floating seaweed, Sargas- 




Fig. 2. Piece of Sorgossum, gulf weed^ with itemlike 
«tipe, leaflike blades, and berrylike bladders, or Hoots. 
(From H. J. Fuller ond O. Tippo, College Botany, rev. 
ed.. Holt, 1954) 
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sum, which is found throughout the &ea. The float* 
ing masses of Sargassum contrast vividly with the 
deep blue of the water. It has been estimated by 
A. E. Parr that there are 4,000,000-11,000,000 tons 
of this weed floating in the Sargasso Sea and its 
environs (Fig. 2). 

Dynamically, the Sargasso Sea is a high cell 
(clockwise gyre) and thfc currents revolve anticy- 
clonically about its center. Much of its deep circu- 
lation is involved with the Gulf Stream, to which it 
contributes a volume of about 45 000,000 m’/sec 
between the Straits of Florida and Cape Hatteras. 
It is not yt-t clear how this water is recirculated. 
See Ocean currents. 

At the surface the contribution is small and 
sometimes (especially in the summer months) it is 
reversed. In consequence the upper layers of the 
Sargasso Sea have a closed circulation. Water is 
cooled in the northern end of the sea to 18®C and 
mixes to a depth of about 350 m at the end of each 
winter. The excess quantities of this 18®C water 
flow off to the south and a distinct wedge of water 
with a temperature of 18®C can be found through- 
out the Sargasso Sea at a depth of 300 m. See At- 
LANiic Ocean; Gulf Stream. [l.v.w.] 

Bibliography \ A. E. Parr, Quantative observa- 
tions on the pelagic Sargassum vegetation of the 
wester 11 North Atlantic, Bull Bingham Oceanog, 
Collection, 6(7) :1 ^4, 1939; L. V. Worthington, 
The 18® water in the Sargasso Sea, Deep-Sea Re- 
search, 5(4) :297-305, 1959. 

Sarraceniales 

A small order of the plant subclass Dicotylcdoneae 
including 3 families with 9 genera and 114 species 
of interesting insectivorous plants. Insects are cai»- 
tured b> the plant and digested by the plant's en- 
7 >mes. In the Sarraceniaceae, an American family, 
and in the Nepenthaceae of the Old World tropics, 
the leaves foim pitchers containing water. Insects 
falling into this liquid arc drowned and digested. 
In the sundew family (Droseraceae) insects are 
trapped in two ways: in Venus' flytrap (Dionaea 
u uscipula), the halves of the leaf fold together 
capturing the insect between them; in the sundews 
(Drosera), numerous glandular hairs (tentacles) 
on the leaf secrete a viscous fluid which traps a 
\isiting insect. The tentacles then bend inward, 
about their victim bringing it into contact with the 
surface of the leaf where it is digested. See In- 
sectivorous plants; Pitcher plant; Sundew; 
Venus' flytrap; see also Dicotyledoneae; Em- 
* bryophyta; Plant kingdom. [p.d.s.1 

Sarsaparilla 

A flavoring material obtained from the roots of at 
least four species of the genus Smilax. These are 
tropical American vines with prickly stems. Smilax 
medica of MeKico, S. offidnolis of Honduras, 
S. papyracea of Brazil, and S. ornaCa of Jamaica, 
all plants of the dense, moist jungles, are the prin- 
cipal sources of sarsaparilla. The flavoring is used 
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Smihx orisfo/ochfoe^o/ia yielding Mexican sarsaparilla. 
(Affer Bentley and Trimen from £. P. Claus, Gafhercoal 
and Wirth Pharmacognosy, 3d ed.. Lea and Febiger, 
1956) 


mostly in combination with other aromatic*; such as 
wintergreen. See Liliaifs; Sphf and havorinc.. 
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Sassafras 

K medium sized tree. Sassafras albidum^ of the 
eastern United States and extending north as far 
as southern Maine. Sometimes it is only a shrub in 
the north, but from Pennsylvania southward heights 
of 90 ft or more with diameters of 4 7 ft have been 
reported for this plant. Sassafras is said to live 
from 700 to 1000 years It can be recognized by the 
bright green color and aromatic odor of the twigs 
and leaves The leaves are simple or mitten-shapc^d 
(hence a common name “mitten-tree”), or they 
may have lobes on both sides of the leaf blade. The 
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wood Is soft, brittle, coarse-grained, somewhat aro* 
matic, and has reddish heartwood. See Stem (bot- 
any) ; Xylfm. Because it is durable in contact 
with moisture, it is used for fence posts, rail fences, 
sills for houses, and in the construction of boats. 
However, the supply is limited, and little is sold. 
The aromatic substance, found especially in the 
roots, is a volatile oil (oil of sassafras. USP) used 
medicinallv as a stimulant, diaphoretic, and also as 
a flavoring agent. See Tri?e. [a. h. cravfs] 

Satellite (astronomy) 

\ small, solid celestial bodv circulating around a 
planet The Moon is the satellite of Earth The 
variousi planets of the solar system have the follow- 
ing numbers of known satellites: Mercury. Venus, 
and Pluto, none; Earth. 1; Mars. 2; Neptune, 2; 
Uranus 5; Saturn. 9; and Jupiter. 12. 

The largest satellites are over 3000 miles in di- 
ameter (Cunvmede and Callisto of Jupiter, Titan 
of Saturn), and exceed the diameter of Mercury. 
The smallest known satellites (Jupiter VII to XII) 
are probably less than 40 miles in diameter The 
masq and surface giavitv of nearly all satellites are 
too small to retain atmospheric gases around 
them, although the presence of an atmosphere of 
methane has been detected in the case of Titag 
The mass of a planet is derived most directh 
from the semimafor axes of the orbits and fjcriods 
of its satellites. 

\ number o^aitificial satellites have been pla* ed 
in temporary orbits around Earth since the launch 
ing of Sputnik I bv the Soviet Union on Oc tober 4 
1957 See SATurm srtihu\l see a/so lupi- 
ffr; Msrs: Moon, NreruNr. PiANrr. 
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Satellite, artificial 

\ny man-made obtect placed in a near-periodic 
orbit in which it moves mainly under the giavita- 
tional influence of one celestial body, such as the 
Sun, Earth, another planet, or a planePs moon (as 
dibtinguished from space probes, designed specifi- 
cally for flights to deep spare; see Space phobf). 

Perturbative forces, such as those produced by a 
third body, the Earth's equatorial bulge, aerody- 
namic effects, and so on, for the mo^t part will be 
neglected in the following discussion, even though 
in practice they are not necessarily small. 

Fundamental rules of satellite motion. The un- 
disturbed motion of any satellite is governed by the 
following basic rules, known since the seventeenth 
century. 

(1 ) The orbit of a satellite is an ellipse (a circle 
is a form of ellipse) with the paient body at one 
of the foci; (2) the line joining the parent body 
and the satellite “sweeps out” equal areas in equal 
times; (3) the ratio of the cube of the semimajor 
axis to the square of the period is the same for all 
satellites; (4) all bodies attract each other with a 
force which acts along the line joining them and 
whose intensity varies as the product of their 
masses and inversely as the ^square of the distance 
between them. 


Rules (1), (2), and (3) are Kepler’s laws of 
planetary motion (see Celestial mechanics), and 
rule (4) is Newton’s universal law of gravitation 
(see Gravitation). Between them, they give the 
^ndamentals of all satellite orbits and, in the ideal 
case neglecting perturbations, they account for the 
following typical characteristics of satellite be- 
havior. 

A satellite’s orbit always lies on a plane perpen- 
dicular to the surface of the parent body, with the 
major axis passing roughly from the launching pad 
through the parent body’s center. While the parent 
body rotates, the satellite’s orbital plane remains 
fixed with respect to faraway stars, though it is car- 
ried along by the parent body’s revolution about its 
own star. If the launching is made in the direction 
of the rotation of the parent body, this rotational 
velocity has to be added to obtain the total velocity 
of the satellite (in the case of the Earth 450 m/sec 
at the Equator). If the parent body revolves in 
a gravitational field, in cases of launchings in the 
‘.ame direction as that of the parent body’s orbital 
motion, this orbital velocity has to be added to the 
residual escape velocity to obtain the total velocity 
of the satellite in its new frame of reference fin the 
< ase of the Earth 29.80 km /sec). The same veloci- 
ties have to he subtracted if launchings are made 
jii an oppfisite direction. 

The major axis of the orbit and its period are 
uniquely determined bv the satellite’s energy; the 
eccentricity of the ellipse is established by the 
direction of the injection. 

Because the major axis of a satellite’s orbit must 
( lit through the center of the parent body ( see Fig. 

1 ) starting approximately at the launching pad, the 
satellite in orbit can, at a given lime, have an apo- 
( enter at only those points in spaiT that are located 
on a single line. Bv seleiting the laumhing time, 
since the parent body rotates as all the celestial 
bodies do, the number of points accessible at the 
apocenter is increased to include all those points 
lying on a single surface generated by the rotation 
of the major axis. 

Velocity requirements. The minimum require- 
ment for placing a satellite in orbit is to accele- 
rate it horizontally to the parent body’s surface to 
a velocity just sufficient to counterbalance the 
surface gravity. The theoretical orbital velocity 
that would send the satellite into a circular 
orbit at about the level of the parent body’s surface, 
that is, at zero altitude, is given by Eq. (1) : 

Voireular ** (^oTo)*^* (1)" 

In the equation go is the acceleration of gravity at 
the parent body’s surface, and ro is the radius of the 
parent body. If such a horizontal launching could 
be performed close to the surface of the Earth, it 
would require a velocity of 7.91 km/ser: at the sur- 
face of Mars 3.58 km/sec ; and on the Moon, with 
its much lower surface gravity and much smaller 
radius, a velocity of only 1.68 km/sec (sec Fig. 2). 

Any increment of this minimum velocity would 
chttge the circular orbit into an elliptical one. Ad* 
dilional increments would produce apocenters that 



Fig. 1. Basic limitation of satellite launching. At the 
apogee of its orbit a satellite launched from* a given 
point A on the surface of the Earth has only one 
degree of freedom; at o given time it con reach only 
points located on a single line fiC. A second degree 
of freedom con be added by choosing the time of the 
launching; o third degree of freedom requires expend- 
iture of additional energy. 

drift away from the parent body, until the orbit 
would turn into a parabolic one, with the satellite 
escaping from the parent body’s gravitational field 
at escape velocity apo. The relationship between 
escape velocity and the velocity required for a cir- 
cular orbit is shown in Eq. (2) : 

t'eBc&pp ^ 2^^*lVlroul»r (2) 

If the velocity exceeds the escape velocity, the 
trajectory becomes hyperbolic. 



Fig. 2. In order to obtain o mlnlmunHiiiergy orbtt# 
thrust mutt be applied in o direettoh poiwHel to Ilie 
parent body's surface, vdiether the loenchlng is mcMle 
from the parent body's suifoce or firom ony dlsloiico 
y obove the surface. At y ss 235 km above the sorface 
of the Earth, vocyhig vetocHles would roaulf In dMimont 
orbits. 
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Practical satellite launchings cannot be per- 
formed horizontally close to the surface unless the 
parent body is a perfect sphere with no topographic 
features and no atmosphere. Even then the rocket 
would have to be heavily reinforced to withstand 
the strains and stresses of such a flight. Therefore, 
before the circular, elliptic, parabolic, or hyper- 
bolic velocity is imparted, the satellite has to be 
lifted from the ground to a certain altitude above 
the parent body's surface. When the injection 
into orbit occurs at some altitude, Eqs. (1) and (2) 
become Eqs. (3) and (4) : 



(3) 

(4) 


In the equations r is the distance from the parent 
body's center (ro plus altitude). 

The orbital injection is more economical of fuel 
as the altitude from the parent bodv's surface in- 
creases. This advantage, however, is more than offset 
b> the additional work required to lift the satellite 
to the intended orbital altitude. In actual launrhings 
the ascent to orbit may represent up to 90^/f of the 
total energy needed for a mission. For example, at 
an altitude of 10 Earth radii the escape velocity is 
only about 1 km 'sec , whereas the total velocity 
neiessaiy for such an escape mission is over 13 
km/sec (see Fig. 3) 

The initial velodtv required to reach a given 
altitude r from the parent body's surface can be 
obtained from Eq (5) . 


^ initial 


|^2/fu(r - ro) 



(■>) 


The orbital veloiitv stated in Fq (3) or (4) has 
to be added to iinitiui in ordei to obtain the total 
\elotjty (also called comparative velouty) of a 
given mission The period of rotation as a function 
of the distance from the parent body’s center is 
given bv Eq (6) : 


2irr 



The vehicle performance capability net essary for 
the accomplishment of orbital and escape missions 
can be obtained from K. E. Tsiolkovsky’s basic 
equation. It shows that the rocket’s final velocity is 
directly proportional to the product of the exhaust 
velocity and the natural logarithm of the ratio of 
the initial mass of the fueled rocket and its mass 
after ^burnout. For a multistage rocket this relation- 
ship is shown in Eq. (7) • 


l^final » Cl In +C2lB^ + ..- + Cn\u 

mbi ffibn 

(7) 

In the equation c denotes the exhaust velocities of 


i 

r 


j 

f 

1 

h-T-l! 







[ ! 























1 

1 












' '1 








T 

i 







t 

. J J 






Fig. 3. As the altitude from the parent body increases, 
velocities necessary for placing the satellite in minimum- 
energy orbit Vui.uiai decrease However, if lifting 
of the satellite is taken Into account, the neces- 
sary velocities rapidly increase with alti- 

tude 

the consec utive stages, and mo and nif their initial 
and burnout masses, respectivelv A two-stage 
rocket can rcarh a 30% higher final velocity than 
a one-stage rocket of the same mass, and the final 
velot It) of a thiee-stage rocket ran be higher up 
to 45% iVc RotKEr si aging 
^ If orbital injection is made in a hoiizontal direc- 
tion at an altitude of, for example, 235 km, the 
circular velocity is 8.04 km/ sec This velocity is re- 
ferred to in Soviet spate publications as the first 
cosmic speed The atmospheric density at 235 km 
is sutftcientiv low to assure a satellite’s lifetime of 
one week or more, depending on the vehicle’s 
mass-area ratio Int reases of this minimum velocity 
in the direction of motion will change the orbit 
into an elliptical one, and when the velocity ap- 
proaches 11.26 km/sec, the apogee will rapidly 
rec edc into deep space. Thus, at an orbital velocity 
of about 11.11 km/sec the satellite’s apogee will be 
272,400 km from the Earth; at 11.15 km/sec it will 
place the probe in the vicinity of the Moon’s orbit; 
at 11.18 km/sec it will be nearly a half million kilo- 
meters from the Earth; at 11.24 km/sec it will 
reach the distance of nearly 1,800,000 km; and at 
11.26 km/sec the satellite will attain the no-return 
parabolic velocity (second cosmic speed) of a solar 
satellite. 

Dtvalopments and trends. A rocket’s effective- 
ness at a given exhaust velocity can be improved 
only by increasing the mass of fuel at the expense 
of the pay load. Therefore, most research, since die 
first artificial satellite was placed in orbit in 1957, 
has been directed toward stepping up the exhaust 
velocity of space propulsion systems. The upper 
limit of the exhaust vdocity obtainable by the use 
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of chemical propellants is only about S km/sec. 
A launch vehicle propulsion system in which a nu- 
clear reactor is used to supply the heat to a work- 
ing fluid is theoretically capable of exhause veloc- 
ities in excess of 10 km/sec. The great progress in 
the construction of small reactors makes it virtu- 
ally certain that nuclear energy will ultimately re- 
place the chemical fuels of the first-generation 
rockets. The future in regard to satellite control 
devices seems to lie in the perfection — probably in 
the 1970s — of ionic engines, whose exhaust velocity 
can theoretically reach almost the velocity of light. 
An early model of such a device was actually flight- 
tested in 1964 for the attitude control of a Soviet 
satellite. See Intkrplanetary propulsion. 

Probably the most severe limitation ««temming 
from the basic laws of orbital mechanics is the fact 
that the apocenter of the orbit of a satellite 
launched from a given point on the parent body 
has onlv one degree of freedom. In this situation a 
change in launch velocity will only displace the 
apocenter along a single line which is the orbit’s 
major axis (see Fig. 1). Since celestial bodies 
rotate, a second degree of freedom can be added by 
choosing the time of the launching. Then, within 
the period of the parent body’s full rotation, the 
points accessible at the ai)ocenter are distributed 
either on a single plane, if the launching is done 
from the Equator, or on a single c onic surface whose 
spatial slant is uniquely deteimined by the latitude 
of the launching pad. An ability to reach an\ point 
in space is a third degree of freedom. 

In actual satellite launchings from a given lo- 
cation on Earth, the consequence of lack of the 
third degree of freedom means that from the terri- 
tory of the Soviet Union the Moon can never be 
reached by the use of the minimum-energy elliptic 
01 bit. Because the inclination of the lunar orbit 
relative to the Earth’s equatorial plane vaiies be- 
tween 18..S and 28.S® with a period of 18.6 years, 
the Moon can be reached in such a flight from 
Cape Kennedy, located much further to the south 
than any of the Soviet cosmodromes, but only on 
certain dates recurring every 18.6 years. One of the 
reasons why the Project Apollo Moon flight was 
originally scheduled for 1969 was that this will be 
the year when the Moon’s orbit is inclined at 28.B® 
relative to the Earth’s Equator, an inclination al- 
lowing the use of the minimum-energy elliptic. The 
only way to obtain the third degree of freedom 
indispensable for space flight in any direction is 
to use energy in addition to that necessary for 
placing a satellite in a circular or elliptic orbit. 
This requires the lifting of an additional amount of 
fuel from Earth. It presents serious problems be- 
cause any given pay load in a low Earth’s orbit must 
be reduced by half for an orbit of 5000-km altitude 
and by nearly four-fifths for a 20,000-km altitude 
(see Fig. 4). 

In 1959 Ae Russians had to resort to a launching 
involving a high expenditure of propellant to ob- 
tain a hyperbolic velocity in order to put a probe 
on the Moon. The same technique could not be 



Fig. 4. Weight of pay load as function of altitude. 


used when they attempted to photograph the 
Moon’s far side on Oct. 4. 1959. This operation 
involved the bringing of the probe to the vicinity 
of the Moon at the lowest possible velocity, that 
is, at the apogee of a highly eccentric Earth 
orbit. The satellite was placed in an orbital plane 
imposed by the cosmodrome’s latitude, and then 
an additional impulse in a direction perpendicular 
'o the velocity vector was applied to achieve this 
orbit. This impulse, according to Eq. (8), tilted 
the original orbital plane by an angle ^ neces- 
.sary to put the apogee of the satellite in the 
vicinity of the Moon. 

» tilt = 2i’o sin 0/2 (8) 

This is a costly maneuver in terms of energy; it 
it however, the only maneuver capable of giving 
a satellite the third degree of freedom. 

By the time the Russians performed their ex- 
periment. the United States was developing the 
Agena B, a second-stage rocket capable of placing » 
a satellite in a conventional orbit and then, on 
ground command, of restarting its engine for an 
orbital correction. This was the beginning of the 
^ concept of the maneuverable satellite, which has 
afforded the planners of astronautical missions 
their greatest versatility. 

Orbiting piatforms. According to Newton’s seo*. 
ond law of motion, maximum energy is transferred 
to the space vehicle when the thrust vector is ap- 
plied in the direction of motion. This explains why 
a relatively low fuel expenditure vidll increase (or 
decrease) the length of an orbit’s main axis. ]b 
addition, the tangential acceleration is most effec- 
tive when applied at the pericenter, where the veloc- 
ity is at a maximum. (This fact follows frotp iImei 
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rule that there is a proportionality between kinetic 
energy and the square of the speed.) A maneuver 
for altering the orbital plane’s angle often becomes 
prohibitive when thrust is applied in a direction 
normal to the orbital motion and at a long distance 
from the pericenter. 

Much effort has been concentrated on an optimi- 
zation of various steps, which would reduce the 
indispensable additional energy requirements to a 
minimum. For example, since the total expenditure 
of energy required to reach a circular orbit in- 
creases rapidly with the orbit’s altitude, it is more 
economic to apply the corrective impulse as close 
as possible to the surface of the parent body, even 
though the velocity requirements of this second 
impulse decrease at higher altitudes. 

These considerations have led to the idea of 
placing a large semipermanent satellite in a low 
circular orbit to serve as a platform for launching 
lesser-weight “secondary” batellites into desired 
orbits. From the point of view of energy expendi- 
ture, such a procedure would be equivalent to the 
use of a corrective impulse. The orbiting platform 
concept would, however, produce certain practical 
benefits. 

Perhaps the major advantage is the prospect of 
dispensing vrith the costlv development of launch 
\ chicles with enormous thrust, since existing 
medium-si7ed rockets could be used to carry com- 
ponents of the platform into orbit, where they 
would be assembled. If the platform was manned 
and pr<»vided with a computer, it would assure a 
higher precision of secondary launchings. This 
arrangement would considerably widen the choic*e 
of launching times and make them independent of 
launching sites on the Earth. Finallv, if equipped 
with a small engine*, the platform could be main- 
tained almost indefinitely in oibit b> periodic im- 
pulses at a relatively insignific ant energy expendi- 
ture. 

According to calculations, a propitious altitude 
for sue h a platform would be 235 km, corresponding 
to a circular velocity of 7.78 km /sec and a total 
launch velocity of 8.04 km /sec. The last figure 
includes losses due to the initial vertical ascent 
trajectory and atmospheric drag. The additional 
velocity needed to send secondary satellites from 
the platform for missions in Earth and Sun orbits 
would be relatively small. For example. 2 22 km/ 
sec would send a probe to the Moon, and only 
slightly stronger impulses would be required for 
trips to Venus or Mars. 

Orbiting iaboratories. Another concept under 
study in the 1960s for realization in the 1970fe is a 
semipermanent or permanent Earth satellite, to be 
used as a manned orbiting laboratory for scientific 
and military research in space. Depending on its 
particular obje^'tives. the laboratory could be 
either a large independent unit assembled in space, 
or one section of the above-mentioned orbiting plat- 
form. Expended upper-stage rocket shells are con- 
sidered to be probable building blocks for any such 
structure. Present studies range from a two-man 


laboratory designed for a 30-day flight to a rotating 
configuration that would support a crew of 24 or 
more and be maintained in orbit for periods up to 
five years. 

Of the long list of research projects for which 
a satellite could serve as the most suitable labora- 
tory, the highest priority is being assigned to 
medical studies of cardiovascular deterioration, 
bone demineralization, and the respiratory, vestib- 
ular, metabolic, and other effects of prolonged 
weightlessness. See Space biology. 

Aside from the recognition that weightlessness 
definitely does affect certain physiological func- 
tions in man, very little conclusive evidence was 
or could have been obtained from the manned space 
flights of the initial period of the United States 
and Soviet manned space programs. The rapid 
progress of technology should produce the equip- 
ment necessary to make it possible to send the 
first human explorers to Mars perhaps during the 
1980s. A great effort will be made to determine 
whether man can sustain zero g for periods ranging 
up to one year and more, and if not, whether 
he can live and function when a gravity field is 
artifically provided. 

Elaborate studies of zero-g effects are formjpg 
an important part of NASA experiments leading 
to the Apollo lunar landing, and such studies aie 
svstematicallv included in practically all Soviet 
space probes, l^^re rigorous answets in this area 
are expected only fiom direct examination of 
astronauts during yer> long spac e flights, that is. in 
specially constructed and equipped space labora- 
tories. Satellites with radial configurations and 
with diameters up to 200 ft, continuously rotating 
about a nonrotating hub, are being proposed as 
perhaps the best means of studying the weightless- 
ness problems. The satellites would offer zero g in 
the hub compartment, and areas of varying gravity 
fields, such as up to 0.4 g, in the radial spokes. 

There are indications that living cells are more 
prone to radiation damage when they are in a 
weightless state than if they receive the same 
amount of radiation under normal gravity condi- 
tions. If confirmed, this could cause additional 
difficulties for space travel. Only experiments per- 
formed in an orbiting laboratory can furnish an 
answer to the question of whether there exists a 
combined weightlessness-radiation effect, and, if 
this is considerable, can provide conditions for the 
development of protective devices. 

The military are also interested in the length 
of time that man can operate in space and his 
effectiveness there. They look to the orbiting lab- 
oratory as the best means for testing various recon- 
naissance equipment. Such a space station could 
also be used to explore the possibility of intercept- 
ing, destroying, or capturing other orbiting devices. 

One complex problem must first be solved if 
multipurpose large structures are to replace the 
first-generation individual research satellites in the 
coming decade. That problem h the devdopi^gnt 
of reusable ferry vehicles. T)iey would provide lae* 



liable means of transporting men from the ground 
to the orbiting station, and vice versa, and would 
also supply the stations with oxygen, food, fuel, 
and other necessities. This project involves the 
development of new launch, rendezvous, reentry, 
and landing techniques, many of which are now in 
an advanced state of planning. 

At present there is the paradoxic'al requirement 
of loading a rocket with a heavy cargo of oxygen 
to be used up almost in its totality during the 
rocket’s initial ascension stage across the Earth’s 
gaseous envelope, right in the region where oxvgen 
is plentiful. A means of avoiding this requirement 
would enormously facilitate man’s conquest of 
space. If a system could be devised that would 
adapt the ramjet principle of utilizing atmos- 
pheric oxygen for fuel combustion in a reusable 
groiind-to-satellite ferry vehicle*, the cost of satel- 
lite-based research would become sufficiently re- 
duced to assure its manifold expansion. 

fZ. TITYWSKll 
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Satellite, navigation by 

The determination of positions on the earth from 
observations made on an artificial earth satellite. 
The use of artificial satellites is a natural develop- 
ment of conventional celestial navigation prac- 
tices, the established use of electronic navigation 
techniques, and the newer ability to place artificial 
satellites in orbit around the earth and to establish 
their orbit accurately. See Celestial navio^iTion ; 
Navigation systems, electronic; Satellite, 

ARTIUCIAL. 

A batellite navigation system could employ an> 
one of a number of methods of observing the 
satellite. Direction of the satellite could be deter- 
mined by radio direction finders or interferome-* 
try, range to the satellite could be measured by 
radar or transponder techniques; velocity of the 
satellite could be determined from measurement 
of the Doppler shift. The system in development 
and operational use (called Transit) employs 
velocity measurement. See Doppler effect. 

Advantagw. Satellite navigation systems that 
employ radio transmission overcome the most 
severe limitation of normal celestial navigation, the 
dependence on good visibility. The ability to make 
an observation in conditions of fog or overcast 
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Fig. 1. Effect of observer's longitudinal displacement 
from subtrack, (a) Observer close to subtrack (b) Ob- 
server distant from subtrack. 

is a major advantage of the satellite system. 

In contrast to surface electronic navigation sys- 
tems, satellite navigation systems can use very high 
or ultra-high frequencies unaffected by magnetic 
storms and can provide true global coverage. Sur- 
face systems have a limited coverage, and the ex- 
tension of such .systems to global coverage would 
he expensive. To obtain maximum coverage, sur- 
idi.e systems employ low frequencies or high fre- 
quencies that can be received beyond the line-of- 
sight horizon (see Radio- wave propagation). 
These frequencies are notoriously affected by 
magnetic storms. Satellites are high enough to use 
line-of-sight transmission and therefore employ 
vhf and uhf. Moreover, satellites can provide 
global coverage rather inexpensively. A single 
satellite in a polar orbit will provide at least two 
observations a day for any point on earth as the 
earth rotates while the plane of the orbit remains 
fixed in inertial spece. It is planned to have fopr 
satellites in polar orbit to allow more frequent 
observations. 

Operation. A system that employs the Doppler 
frequency shift measures the rate of change of the 
length of the radio path between the satellite and 
the observation station. A stable tranamitter i$ 
located in the satellile. The rate of change of 
frequency of the received wafcs at the ohseryteltNl 



34b Satollito, navifation by 



Fig 2. Transit navigation system 

station is proportional to the relative velocity of 
the satellite with respect to the observation station. 
If the observer is close to the path of the satellite, 
there will be a rapid change from a positive 
Doppler shift (as satellite approaches) to a nega- 
tive shift (as satellite moves away). If the observer 
is farther away, the change from positive to nega- 
tive shift is more gradual (Fig. 1). Thus, the 
distance from the observer to the satellite subtrack 
can be determined from analysis of the shape of 
the curve. 

For a satellite in polar orbit, the distance from 
the subtrack gives the longitude of the observer. 
The latitude is obtained by determining the time 
at which the Doppler shift goes through zero, that 
is, when the satellite passes through its closest 
point to the observer. 

Possible ambiguity of the longitude determina- 
tion (which would seemingly make it impossible to 
determine whether the satellite is to the east or to 
the west of the observer) is resolved by the rotation 
of the earth. The observer is being carried either 
toward or away from the satellite by the earth, 
and this motion is sufficient to resolve the am- 
biguity. 

To determine his position, the observer must 
know the path of the satellite. It is not now pos- 
sible to give long-term predictions of the position 
of a satellite; therefore, recent data on the satel- 
lite orbit must be made available to the observer. 
In the Transit system, such data are transmitted 
from the satellite itself. The satellite is tracked by 


a tracking network, which is part of the over-all 
system. The latest determination of the orbit is 
computed and transmitted to the satellite every 
12 hours. The satellite records this data and re- 
transmits It regularly for all users of the system in 
the form of a phase modulation on the same fre- 
quency that is used to generate the Doppler shift 
Thus, the user receives not only a Doppler shift 
but also a complete description of the path of the 
satellite. 

The observer must also know the correct Green- 
wich time to determine a navigational fix. Because 
the transmitter oscillator must be highly stable, 
so that frequency variations can safely be ascribed 
to the Doppler shift, the satellite contains a good 
clock. A time correction is inserted every 12 hours, 
at the same time that new orbit parameters are 
sent to the satellite, to maintain the accuracy of the 
clock at all times. The use of these satellites as a 
source of world-wide time standards is expected to 
be an important by-product of the system. The 
operation of the system is shown in Fig. 2. 

Although the frequency used is high enough to 
be little affected by the ionosphere, there is some 
refraction effect that requires correction to obtain 
the highest possible accuracy. The correction is 
made possible by transmitting from the satellite 
a second frequency harmonically related to the 
primary frequency. The refraction effect is a 
strong function of frequency, so the refraction on 
the second frequency will differ from that on the 
primary. Comparing the refracttons makes It pos- 




Fig 3 Effect of refraction. 


siblf to measure the refraction accurately and 
thus correct fur it (Fig. 3). 

The goal of the satellite navigation system is 
to provide a navigation capability with an accuracy 
of 0. 1 mile on a world-wide basis [r.b.k ] 

Saturable reactor 

An iron-f ore inductor in which the effective induct- 
ance is changed by varving the permeability of the 
fore Saturable-^ oie react oih are used to control 
laige alternating currents where rheostats aic im- 
piactical. Theater light dimmers often employ sat- 
urable reactors. 

In the simplified diagram of two types of satura- 
ble core reactors (a) shows use of two sepaiate 
cores, while in (6) a 3-legged core is formed by 



Typical contfrucfion of loturablMoro roocton. (o) Two 
’•porato corot. (b) Throo-loggod coroi. 
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placing two 2-legged cores together. The load wind- 
ing, connected in series with the load, carries the 
alternating current and acts as an inductive ele- 
ment. The control winding carries a direct current, 
of adjustable magnitude, which can saturate the 
magnetic core. When the core is saturated by the 
direct current, the effective inductance of the coils 
in the ac circuit will be smaU. Little voltage can 
therefore be induced in the coil to reduce the volt- 
age applied to the load. 

If the dc magnetization is reduced to a minimum, 
the alternating current can induce a voltage in its 
own windings. The induced voltage opposes the ap- 
plied voltage and therefore reduces the voltage ap- 
plied to the load. See Inductance; Magnetization ; 

PfRME ABILITY, MAGNETIC. [B.L.R.; W.S.P.] 

Saturation 

The condition in which an increase in the inde- 
pendent variable quantity causes substantially no 
change in the dependent variable. Thus, magnetic 
saturation represents the maximum magnetization 
that a given magnetic material can have. Tempera- 
ture saturation in a thermionic vacuum tube is the 
condition wherein further increases in cathode 
temperature cause substantially no further increase 
in anode current. Similarly, in anode saturation, 
further increases in Rnode voltage cause no further 
increases in anode current because all of the emit- 
ted electrons are already being drawn to the anode. 

In color television, color saturation is the degree 
to which a color is mixed with white. Here high 
saturation means that there is little or no white, as 
in a deep red color. Low saturation means that 
there is a great deal of white, as in light pink. 

In an induced nuclear reaction, saturation exists 
when the def ay rate of a given radionuclide is equal 
to its rate of production. In an ionization chamber, 
saturation exists when the applied voltage is high 
enough to collect all the ions formed by radiation 
but not high enough to produce ionization by col- 
lision. [j.MR.l 

Saturation current 

A term having a variety of specific applications 
but generally meaning the maximum current which 
can be obtained under certain conditions. 

In a simple two-element vacuum tube, it refers * 
to either the space-charge-limited current on one 
hand or the temperature-limited current on the 
other. In the first case, further increase in filament 
* temperature produces no significant increase in 
anode current, whereas in the latter, a further in- 
crease in anode-cathode potential difference pro- 
duces only a relatively small increase in currant.'' 
See Vacuum tube. 

In a gaseous-discharge device, the saturation 
current is the maximum current which can bs 
obtained for a given mode of discharge. Attempts 
to increase the current result in a different type 
of discharge. Such a casp would be the transition 
from a glow discharge to an arc discharge. See 
Electrical conduction in casks. 
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A third ease is that of a semiconductor. Here 
again, the saturation current is that maximum cur< 
rent which just precedes a change in conduction 
mode. See Semiconductok. [c.b.iu.1 

Saturation of solutions 

The situation occurring when a solute gas, liquid, 
or solid has attained its maximum solubility in a 
solvent. In such a situation, the two phases are said 
to ^ in equilibrium. The attainment of saturation 
is sometimes a difficult experimental problem, for 
die rate of attaining equilibrium may he very slow. 
Repeated stirring or shaking over extended periods 
of time may be necessary. 

If the second phase is removed from the system, 
the saturated solution may be cooled (or if solubil- 
ity decreases with increasing temperature, heated) 
to become a metastable supersaturated solution. 
Given the proper catalyst (for example, dust, a 
seed crystal, or charged particles), a supersatu- 
rated solution may change spontaneously (and 
often rapidly) to the thermodynamically stable 
saturated solution by throwing out (precipitating 
in the case of a solid) a second phase. The Wilson 
cloud chamber uses a supersaturated gaseous solu- 
tion of air and water vapor; the passage of a high- 
speed charged particle induces condensation of the 
water vapor to small visible droplets. 

At equilibrium, the saturated solution has the 
same vapor pressure as that of the second phase; 
the unsaturated solution has a lower vapor pres- 
sure: and the supersaturated solution has a higher 
vapor pressure. See Equilibrium, phase; Super- 
saturation; Vapor pressure. [r.l.s.1 

Saturn 

Tlie second largest planet in the solar system and 
the sixth in the order of distance to the Sun. It is 
visible to the naked eye as a yellowish first-magni- 
tude star, except during short periods near its con- 
junctions with the Sun. The outermost planet 
known until the seventeenth century, it is unique in 
having a large flat ring surrounding its globe. 

Planet and its orbit. The main orbital elements 
are a semimajor axis or mean distance to Sun of 
895 X 10® mi ; eccentricity of 0.056, causing the 
distance to the Sun to vary by 10® mi between 
aphelion and perihelion; sidereal revolution pe- 
ri^ of 29.458 years; mean orbital velocity of 6.0 
mi /sec; inclination of orbital plane to ecliptic of 
2®5. See Planet. 

The mean apparent diameter of its disk varies 
between 14^^ and 20" depending on its distance from 
Earth; the apparent equatorial diameter is about 
at mean opposition. The polar flattening due 
to the rapid rotation is the largest of all planets; 
the ellipticity (r, - rp)/r^ » 0.105. Here r. is the 
equatorial radius and fp is the polar radius. The 
equatorial diameter is about 75,500 mi and the 
polar diameter is 67,500 mi. The volume is about 
762 (Earth * 1) with a few per cent uncertainty. 

The mass, about 95.3 (Earth - 1) or 1/3500 
(Sun «■ 1), is accurately determined from the mo- 


tion of its brighter satellites. The mean density is 
about 0.7 g/cm®, the lowest mean density of all 
planets. The corresponding value of the mean grav- 
ity at the visible surface is 1.14 (Earth ■■ 1) or 
about 11.2 m/sec®; however, because of rapid rota- 
tion, the centrifugal force at the equator amounts 
to 1.76 m/sec®, reducing the effective gravity to 
about the same value as on Earth. 

PhaSM. Saturn’s phases are always small. The 
maximum phase angle is about 6^ at quadrature 
and the phase effect is barely detected as a slightly 
increased darkening of the edge at the terminator. 
The apparent visual magnitude at mean opposition 
is +0.8 when the ring is seen edgewise and the 
corresponding value of the reflectivity (geometric 
albedo) is about 0.4; the estimated value of the 
physical albedo is about 0.45. This high value is 
characteristic of the four major planets and indi- 
cates the presence of a dense cloud-laden atmos- 
phere. See Albedo. 

Telescopic appearance. Through an optical tele- 
scope Saturn appears as an elliptical disk, dark- 
ened near the limb and crossed by a series of 
bands parallel to the equator. As a rule, however, 
the bands are weaker than on Jupiter, and fre- 
quently only the bright equatorial zone and the 
two dark tropical bands surrounding it are visible 
(Fig. 1). 

The mean rotation period of a few occasional, 
short-lived spotsyobserved in the equatorial zone is 
10hl4m; it is foh38m at interm^iate latitudes. 
The rotation axis is inclined 26^45^ to the perpen- 
dicular to the orbital plane. 

As on Jupiter the belts vary in strength, width, 
and occasionally in latitude. They are very faint on 
photographs in red light, but show up much more 
strongly in violet and ultraviolet light, by which a 
dark polar cap is often made visible. Occasional 
bright spots are observed in the equatorial zone 
which diffuse rapidly and spread over most of the 
zone; their nature is unknown. 

Atmosphere. The optical spectrum of Saturn is 
characterized by strong absorption bands of meth- 
ane, CH 4 , that are stronger Uian on Jupiter, and 
by much weaker bands of ammonia, NH 3 . The esti- 
mated quantities of these gases present in the at- 
mosphere above the cloud level is of the order of 
350 m in thickness at standard temperature and 
pressure (STP) and less than 2.5 m STP, respec- 
tively. Theoretical considerations indicate that, as 
on Jupiter, the main constituents of the atmos- 
phere must be hydrogen and helium. The theo- 
retical temperature, in agreement with radiomet- 
ric observations, is about 120*K, indicating that 
most of the ammonia must be condensed and in the 
form of tiny ice crystals, which probably constitute 
the visible clouds. 

Internal ttnictera. The theoretical models of the 
internal structure are similar to those for Jupiter. 
The thermal radiation of Saturn at centimeter 
wavelengths has been detected, but no intense 
pulses of radio emission have been observed SB 
longer wavdengths. See JupiTn. 
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Fig. 1. T«l«tcopic app«orance of Saturn. 

Ring system. The most remarkable feature of 
Saturn’s system is the ring or rings surrouii«>ing it. 
The ring system is divided in three main regions 
designated A, B, and C. 

The outer ring A, of moderate brightness, has an 
outside diameter of 171,000 mi and an inner diam* 
eter of 150,000 mi. It is separated from ring B by 
the dark Cassini division which is 2,500 mi wide. 
Ring B, which is very bright (occasionally brighter 
than the equatorial belt on the globe), has an outer 
diameter of 145,000 mi and an inner diameter of 
112,000 mi. It is slightly less bright in its inner re- 
gions and may be separated from the innermost 
ring C by a narrow dark division, perhaps 600 mi 
wide. Ring C, which is sometimes called the 
“nape” ring, is much fainter and semitransparent; 
it appears as a dark band in projection against the 



disk of the planet and as a faint dusky band 
against the sky. Its outer diameter is 111,000 mi. 
Its inner edge is only 7,000 mi above the surface 
of the planet at the equator. Additional divisions 
have been noted in the rings by some observers, 
but their reality remains in doubt; the only definite 
marking is the Encke division, which marks the 
limit between the outer darker zone and the inner 
brighter zone of ring A, but it is more nearly a 
lane of minimum brightness than a dark division. 

Appearanct. Depending on the relative positions 
Earth and of Saturn in its orbit, the circular 
ring appears as an ellipse of variable ellipticity 
which reduces to a thin line when Earth crosses 
its plane. The maximum opening of the ring takes 
place when the ring system is tilted 27^ to the line^ 
of sight (Fig. 2). The slightly variable point of 
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Rg. 3. Saturn's ring system seen edgewise. (From L 
Rudaux and G. do Vaueoulours, Larousso Encye/opodia 

view, depending on the position of Earth in its or* 
bit, causes a slight annual oscillation of the tilt 
angle. When the tilt is near 0^, Earth may cross 
the plane of the ring system either once or three 
times. When Earth is exactly in this plane, the 
ring becomes invisible for a day or two, indicating 
that the thickness of the system is very small, per- 
haps less than 12 mi. For short periods near such 
times, the Sun and Earth may be on opposite sides 
of the plane of the ring, which then remains visible, 
being faintly illuminated by light reflected by the 
globe of Saturn and by multiple reflections in the 
ring system (Fig. 3). 

Structure. Both theory and observations prove 
that the ring system is made up of myriads of sepa- 
rate particles which move independently in circu- 
lar coplanar orbits in the equatorial plane of Sat- 
urn. The visibility of the globe of Saturn through 
ring C, and to a small extent through ring A, the 
incomplete disappearance of the satellites when in 
the shadows of these rings, and the visibility of 
stars shining through them, prove that at least 
rings A and C are relatively transparent. Photo- 
metric observations of the variation of brightness 
of the ring as a function of phase angle (up to its 
maximum value of 6*’) also show that the particles 
are rather far apart and occupy perhaps not more 
than a few per cent of the volume of rings A and 
B, and a much smaller fraction in ring C. 

The discontinuous, meteoric nature of the ring 
is also demonstrated directly by spectroscopic ob- 
servations, which show that the inner edge of the 
ring rotates faster than tlie outer edge and pre- 
cisely with the velocities that independent satel- 
lites would have at the same distances from the 
planet. 

Origin and nature. The origin and nature of Sat- 
urn’s ring was first determined by E. Roche in 1849 
and by J. C. Maxwell in 1859. Roche established 
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that a satellite of a planet of the same density can- 
not form, because of destructive tidal forces, if it 
is closer to the planet than 2.44 limes the planet^ 
radius. Actually the outer edge of Saturn’s ring is 
at 2.30 radii, inside Roche’s limit, whereas the 
nearest satellite, Mimas, is at 3.11 radii, well out- 
side the limit. MaAwell proved, further, that a ring 
system of small mass formed of a large number of 
independent particles is fairly stable against ex- 
ternal perturbations sucb as those caused by the 
larger satellites. The aggregate mass of the ring 
system is very small, probably much less than one- 
quaitcr of the mass of the Moon. Periodic pertur- 
bations by the major satellites are, however, re- 
sponsible for the main divisions of Saturn’s ring in 
the same way that perturbations by Jupiter cause 
the Kirkwood gaps in the asteroidal belt (see As- 
teroid). 

The radius of Cassini’s division between rings 
A and B corresponds to a revolution period 
equal, respectively, to %, %, and 14 of the revolu- 
tion periods of the first three satellites; the limit 
or gap between rings B and C corresponds to a rev- 
olution period equal to % of that of the first satel- 
lite and the Encke division in ring A to % of the 
same period. 

Because of the small but continual interactions 
between the particles of the ring and their occa- 
sional grazing collisions, it is probable that a 
grinding process similar to that taking place in the 
asteroidal belt must have caused the destruction of 
the larger original bodies and the formation of 
ever smaller particles. However, except perhaps 
when a very long time scale is envisaged, Saturn’s 
ring appears to be a stable and practically perma- 
nent feature of the system. 

Infrared spectra of Saturn’s ring indicate that 
its particles are covered with frost of ordinary wa- 
ter ice at a low temperature; H is even possible 





that the particles are themselves entirely made up 
of water ice and solid ammonia. 

Satellites. Saturn has nine known satellites. The 
largest and brightest, Titan, was discovered by 
C. Huygens in 1655 and is visible with small tele- 
scopes; the others are much fainter. The outermost 
satdlite was discovered photographically by W. H. 
Pickering in 1898; a tenth satellite reported by 
him in 1905 has not been confirmed. Their main 
elements and orbits are given in the table. 


SatellHes of Saturn 


Satellite 

Mean 
distance 
from 
•Saturn, 
10® miles 

Sidereal 

period, 

days 

Diam- 

eter, 

miles 

Visual 
magni- 
tude 
at mean 
oppo- 
sition 

T Mimas 

115.4 

0.942 

320 

12 1 

IT Enceladus 

149.0 

1 370 

370 

11 7 

III Tethys 

183.4 

1.888 

800 

10 6 

IV Dione 

2.34 .5 

2.7,37 

800 

10 7 

V Rhea 

327 8 

4.318 

1100 

10 0 

\I Titan 

760 

15 945 

3100 

83 

VII Hyperion 

922 

21 277 

250 

14 

VllI lapetus 

2213 

79.331 

750 

11 

IX Phoebe 

8043 

550.45 

190 

14.5 


The satellite nearest to the planet. Mimas, moves 
in d period of 22h37m at a distance of only 30,000 
mi beyond the outer edge of the ring. The largest 
satellite. Titan, moves in a period of about 16 days 
at a mean distance of 760,000 mi from the center of 
the planet. The outer main satellite, lapetus, has a 
period of about 79 days and a mean distanre of 
2,2 X 10® mi. The very small outermost satellite, 
Phoebe, moves in a retrograde direction (direction 
in the opposite sense from that of the 8 inner satel- 
lites) at a mean distance of over 8 X 10® mi in a 
period of 550 days. Phoebe was the first satellite 
found to have a retrograde motion ; its high orbital 
eccentricity (0.17) and relatively large inclination 
on Saturn’s equatorial plane (5?3) clearly sepa- 
rate it from the others. See Retrograde motion 
(astronomy). 

Titan shows a measurable disk in large tele- 
scopes; the mean apparent diameter, about 0CJ6, 
corresponds to a linear diameter of approximately 
3100 miles, making it larger than Mercury and 
only slightly smaller than Mars. Its mass can be 
roughly estimated from the perturbations it exerts 
on the motions of the other satellites; it is 1-2 
times the mass of the Moon, from which follows a 
density 2-4 times that of water. The escape veloc- 
ity at the surface of Titan is of the order of 3 km/ 
sec; this is large enough to retain an atmosphere 
of methane at the low temperature prevailing at 
this large distance from the Sun. Titan is the only 
satellite known to have an atmosphere. 

AU the other satellites are too small to show 
measurable disks, and their diameters can be only 
roughly estimated from their apparent brighteess 
ond an assumed value of the albedo. The periodic 
variations of brightness, depending on the posi- 
tions on the orbiu, indicate that dl satellites of 
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Saturn always turn the same face toward the 
planet; that is, as in the case of the Moon and of 
the main satellites of Jupiter, the periods of rota- 
tion are equal to the periods of revolution. lape- 
tus has the largest variation in apparent bright- 
ness, being 5 times brighter at western than at 
eastern elongation; the albedoes of its opposite 
hemisphere must therefore differ in the same ra- 
tio. The variations are much larger than for any 
other planet or satellite. The masses of Enceladus 
and Mimas can be only roughly estimated; these 
estimates indicate masses of about 1/1000 and 
1/2000 respectively of that of the Moon. In con- 
junction with their observed brightnesses, such 
masses are possible only if these satellites have a 
density as low as or lower than that of ice and an 
albedo as high as that of snow. It is assumed that 
similar conditions exist for the other major satel- 
lites, except Titan. r^«D.v.] 

Bibliography*. H. N. Russell, R. S. Dugan, and 
J. Q. Stewart, Astronomy, vol. 1, rev. ed., 1945. 

Saurischia 

An extinct group of dinosaurian reptiles, now 
placed in the subclass Archosauria (superorder in 
some classifications) as a separate order (see 
Archosauria). For a description of dinosaurian 
reptiles, see Dinosaur; see also Reptilia fos- 
sils. 

Sauropterygia 

An order of Me.sozoic reptiles (subclass Eury- 
apsida) that are, without exception, adapted to the 
marine environment. The order includes the closely 
related nothosaurs and plesiosaurs and the differ- 
ently specialized placodonts. These reptiles along 
with the ichthyosaurs played a significant role as 
predators within the marine animal community of 
the Mesozoic Era. See Reptilia fossils. 

Nothosauiia. The Nothosauria are the relatively 
generalized stem group from which the plesiosaurs 
evolved. With the exception of a single New World 
species and a doubtful record from Japan the 
nothosaurs were of essentially European distri- 
bution during Middle Triassic time. The notho- 
saurs are notably diverse in the mode and de- 
gree of secondary aquatic modification. The early 
phase of this process manifests itself (1) by a 
change in the histological structure of the bones, 
characterized by a total absence of Haversian sys- 
tems (see Skeletal system) and often a swollen 
appearance of the bones (pachyostosis) ; /2) by a 
notable reduction in size of the lateral girdle 
bones, scapulae (shoulder) and ilia (pelvis) ; and 
(3) by enlargement of tiie ventral elements and by 
the loss of digital claws. The directions of aquatic 
specialization involve shortening, or more often 
lengthening, of the neck (Fig. 1) ; enlargement of 
the orbits or the temporal fenestrae; reduction, cur 
more commonly increase, in the number of i^al- 
anges in manus (hand), pes (foot), or both. A fea- 
ture of considerable evolutionary significance in the 
Ul^t of plesiosaurian differen^tbrn is great 
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Fig. 1. Cefshsaurus eafeagnii, seen from below. A Triassic, Switzerland, (from B. Peyer, 1944) 
nothosour with elongoted neck. About 3^ ft long. 



Rg. 2. Dentition of Porop/ocodus brollii, Triosslc, 
Switzerland. (After B. Peyer, 7935) 

individual variability in the number of preaacral 
vertebrae (32-42) in Pachypleurosaurus edwardsL 

Although most genera of nothosaurs are not in 
direct line of ancestry of the plesiosaurs, such a 
relationship has been suggested for Pistosaurus. 

PlesiOBauria. The Plesiosauria are the success- 
ful, compact, and highly specialized offshoot of the 
nothosaurs that attained world-wide distribution. 
The early steps of aquatic adaptation, initiated by 
the nothosaurs, have led to extensive anatomical 
modifications: the region comprising chest and 
abdomen became short, stout, and inflexible; the 
ventral bones of shoulder girdle and pelvis in- 
creased in area enormously; the limbs, transformed 
into large flippers, became the principal organs of 
propulsion. 

Two major trends of plesiosaur evolution may 
be discerned since the Early Jurassic: in the one 
group there was a tendency toward a shortening of 
the neck from 27 to 13 vertebrae and an increase 
in skull size; in the other group the opposite trend 
led to forms of bizarre body proportions, for ex- 
ample Elasmoamrus^ with a nedt containing 76 
vertebrae. The plesiosaurs were carnivorous. 

Ptacodontig. The Placodontia constitute a well* 
^fined group of peculiarly specialized marine rep- 
tiles that had a short but interesting history. As the 
name implies, placodonts are reptiles in which at 
least part of die dentition consists of flat-crowned 


teeth adapted to a durophagous diet, probably of 
hard-shelled mollusks. Within the suborder the 
modification of the dentition ranges from the 
primitive reptilian condition of numerous sharply 
pointed teeth (in Helveticosaurus) to one in which 
only a single, flat tooth remains in each jaw quad- 
rant, as in Henodus. An early stage in tooth modi- 
fication is seen in Paraplacodus (Fig. 2). The more 
advanced placodonts are heavily armored with der- 
mal ossicles. In the earliest occurrence of the group 
primitive and notably advanced forms occur to- 
gether in the same deposit. The group did not^ur- 
vive the Triassic. See Euryapsida. [rz.] 

Bibliography: J. Piveteau (ed.), Traite de Pa- 
leofUologict voL 5, 1955; A. S. Romer, Osteology of 
the Reptiles, 1^6. 

Sawing 

The parting of material by using metal disks, 
blades, bands, or abrasive disks as the cutting tools. 
Sawing a piece from stock for further machining is 
called cutoff sawing, while shaping or forming a 
piece is referred to as contour sawing. 

Machine sawing of metal is performed by five 
types of saws or processes: hack sawing, band saw- 
ing, cold sawing, friction sawing, and abrasive 
sawing. 

Hack saws are used principally as cutoff tools. 
The toothed blade, held in tension, is reciprocated 
across the workpiece. A vise holds the stock in 
position. The blade is fed into the work by gravity 
or springs. Sometimes a mechanical or hydraulic 
feed is used. Automatic machines, handling bar- 
length stock, are used for continuous production. 

Band saws cut rapidly and are suited for either 
cutoff or contour sawing. The plane in which the 
blade operates classifies the machine as being ei- 
ther vertical or horizontal. Band saws are basically 
a flexible endless band of steel running over pul- 
leys or wheels. The band has teeth on one side and 
is operated under tension. Guides keep it running 
true as illustrated. The frame of the horizontal 
type is pivoted to allow positioning of the work- 
piece in the vise. Horizontal machines are used for 
either straight or angular cuts. A table that sup- 
ports the workpiece and the wide throat between 
the upright portions of the blade makes the vetU- 
cal bimd saw ideal for contojir work. Band silWs 
operating at high speed are frequently used as 
friction saws. 
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Vertical saw with power feed table is used to split the 
part shown. An advantage of sawing is that the slicing 
action of the tool separates the work into sections 
rather than reducing the unwanted section to chips. 
{The Do All Company) 

Cold sawing is principally a cutoff operation. 
The blade is a circulai disk with (fitting teeth on 
Its peripherv Blades range in size from a few 
inches to several feet in diameter. The ( fitting teeth 
may b#* cut into the peripheiv of the disk or the> 
may be inserts of a harder material The blade 
moves into the stock with a positive teed Stock is 
positioned manually in some cold sawing machines, 
while other models are equipped for automatic cy- 
( le sawing. 

Friction sawing is a rapid proc'ess used to cut 
steel as well as c'eitain plastics. This process is not 
satisfactoiy for cast iron and nonferrous metals 
Cutting IS done as the high speed blade wipes the 
metal from the kerf after softening it with fric- 
tional heat Circular alloy-steel blades peiform 
cutoff work while frictional band saws do both 
cutoff and contour sawing. Circular blades are fre- 
quently cooled by water or air. Circular blades 
are advanced into the work, while thick workpieces 
require power table feed when friction cut on a 
hand saw. 

Abrasive sawing is a cutoff process using thin 
rubber or bakelite bonded abrasive disks Tii«acidi- 
tion to steel, other materials such as nonferrous 
metals, ceramics, glass, certain plastics, and hard 
rubber are cut by this method. Cutting is done by 
the abrasive action of the grit in the disk 

Abrasive disks are operated either wet or dry. 
For heavy cutting a cooling agent is generally 
used. The workpiece is firmly held while the wheel 
traverses through it. Machines are made in manu- 
ally operated and automatic models. See Machin- 
ing OPKRATIONS; see also Woodworking, [a.t.] 

Saw-tooth wave 

A waveform that is a continuously increasing func- 
tion of time for a fixed interval, returns to its ini- 
tial state during a retrace interval, and then re- 
peats the sequence periodically. The most widely 
used saw-tooth waveform is ideally a linear func- 
tion of time during the forward or rising interval 


SauMooth wows - 43 

and^ appears as shown in Fig. In, with the total 
period T made up of the active forward interval T/, 
a retrace interval Tr, and an inactive interval T,. 

Mathematically the saw-tooth wave may be ex- 
pressed in terms of a Fourier series of harmonically 
related components with the fundamental having a 
period equal to the total period T of the saw tooth. 
If a sufficient number of harmonics having the 
proper amplitude and phase relationship is in- 
cluded, the mathematical representation will be an 
accurate approximation of the waveform. 

Electronic circuits can generate only an approxi- 
mation of the idealized waveform which, as a re- 
sult, tends to have the deviations shown in Fig. 16. 
Generally the delayed start (with respect to the 



(b) 

Fig 1 Saw-tooth wave, (a) Ideal linear saw tooth, 
(b) Approximate saw tooth generated by actual cir- 
cuits. 

ideal) and the extended retrace time are caused by 
high-frequency deficiencies (inadequate generation 
or transmission of the higher-order harmonics), 
whereas the inability to maintain a constant slope 
foi large values of T/ is a low-frequency deficiency 
in the generation or transmission of components* 
near the fundamental frequency. 

Saw-tooth waveforms are used as time-base ele- 
ments or sweep generators (see Sweep generator) 

• and in time-delay and -measuring equipment (see 
Time-delay nacuirs). 

Saw-tooth voltage ganaration. The complexity 
of electronic circuitry required to generate linear 
saw-tooth voltage waves depends upon the accuracy 
to which such geneiation is specified. An approxi- 
mate linear saw tooth may be generated by a dc . 
voltage source, a series JIC circuity and a switidi 
which has a small but finite resistance whan closed. 
This elementary saw-tooth generator is diown 
schematically in Fig. Z * 

If the switch S in the Uluehration is suddenly 
opened, the voltage at point A wiQ rise iropt gn 



initial valae of Vi^/iR + R,) toward Vb accord- 
ing to the exponential eipiation 

( 1 ) 

aa shown by the dotted curve. Now if the switch is 
closed after a time To, the rise will be interrupted 
at a value Vm„ obtained from the solution for va 
in Eq. (1) for t - To. While the switch is closed 
du^g the period Tt the potential will fall in ac- 
cordance with 

“-STE 

( 2 ) 

If R» is very small, the waveform will essentially 
have recovered to its initial value in a short retrace 
interval Tr less than To. This complete cycle will 
repeat itself for alternate opening and closing of 
the switch. If the time Tr during which the switch 
is closed is less than the time Tr required for com- 
plete recovery, the minimum value for the wave- 
form will be higher than F||/l,/(/l + R,). The 
maximum and minimum excursions of the wave- 
form can then be found by simultaneous solution 
of Eqs. (1) and (2) for the appropriate periods. 
To and Tr- 

A periodic saw-tooth waveform can be generated 
by using an astable relaxation oscillator as a switch 
in the above circuit (see Relaxation oscillator). 
One of the simplest of these is the thyratron shown 
in Fig, 3. The potential is the breakdown volt- 
age for a given grid bias Vq^ and the voltage Fmtn 
is the minimum maintaining ionization potential. 
Vacuum-tube relaxation oscillators usually main- 
tain a more stable period than those employing gas 
lubes and are more widely used. When used as 
switches in saw-tooth generators, both may be syn- 
chronized with external pulses to maintain an ac- 
curately controlled period. 

If the switch of Fig. 2 is the switch in a syn- 
chronous or keyed clamp (see Clamping circuit) 
each interval of the total period of the waveform 
may be controlled directly from an external source 
of pulses. A simple triode unidirectional clamp is 
shown in Fig. 4. During the time Tc that the switch 
is closed., the grid is held at a slightly positive 
value by limiting, and the plate resistance R* is 
low. During the open time, the grid voltage is suf- 
ficiently negative that no plate current will flow 
and the switch is open. 

Either a positive-going or a negative-going saw- 
tooth may be generated by making Vb cither posi- 
live or negative and replacing the clamp with a 
bidirectional clamp as shown in Fig. 5. If the po- 
tential Vb is variable at a rate slow compared to 
the periodicity of the waveform, a succession of 
saw-tooth waveforms of varying amplitude will be 
generated. One particular application of such a 
circuit would be to generate one of the components 
of the rotating radial sweep if Fjr were to be made 




Fig. 3. Thyratron saw-tooth generator 
/ 



to vary sinusoidally with the desired angular mod- 
ulation. 

ImpravemefU of linearity. A linearly increasing 
voltage 

Vc- {lc/C)t (3) 

will appear across the terminals of a capacitor C 
if a constant current It is flowing, since 

- (l/C) / /, dt (4) 

Therefore, improvement of linearity of the simple 
RC sweep generators basically depends upon main- 
taining the current through the capacitor more con- 
stant For a specified saw-tooth amplitude this may 
be done by increasing the supply voltage Vb. Thig 
is a practical solution only within narrow limits. 


Another method in effect replaces R with an active 
device^ such as the output circuit of a vacuum-tube 
pentode or transistor, which has a relatively low 
absolute resistance but an extremely high ac or 
incremental resistance over the limits of the desired 
amplitude range. In the circuit of Fig. 6, when 
point A is not clamped to ground and the base- 
emitter bias voltage, as determined by the diode 
operating in the Zener breakdown region, is such 
that the transistor is in its normal range, the 
collector current will be relatively independent of 
collector voltage. 

The circuit of Fig. 7 is often referred to as the 
bootstrap saw-tooth generator. When the clamp is 
closed, point A is at ground potential, point B is 
at Vb minus the small diode voltage drop, and 
point C is approximately at the potential of A. 
When the clamp is opened, capacitor C starts to 
charge toward Vb through R and the diode resist- 
ance. Point C follows closely. If capacitor Cf is 
very large compared to capacitor C, point B wfll 
rise the same amount. This causes the diode to 
stop conducting. Capacitor C will continue to 
charge through R and Cf, If sufficiently large Cf 
functions as a constant-voltage source, and to the 
extent that it does, and if the gain of the cathode 



Fig. 5. Sweep generator using bidirectional clamp. 



6. Conitant-current low-tooth generoter. 



Fig. 8. Single-tube Miller integrator. 

followei is near unity, the charging current will be 
nearly constant and a nearly linear saw tooth of 
a * ignitude approaching the supply voltage can 
be generated. To a good approximation, the volt- 
age at point C can be expressed as 

c+m-A ) • 

( 5 ) 

where A is the voltage gain of the cathode follower. 
•If C/ is much larger than C, this is an eaponeirtial 
charging curve with an effective supply v<dtage of 
{A/1 — A)VB-li A is near unity, t^ represents a 
great increase in effective supply voltage and a cor> • 
responding increase in linearity for a re<{uired am* 
plitude. 

A circuit in which an integrating amplifier is 
used in addition to the damp and RC time om- 
stant is sometimes referred to as die Miller inte' 
grating circuit (see Fig. 8) . If dw input impedance 
of the amplifier is hi|^ the output impedaiiee leW, 
and the gain high, the ou^nit ^nuosimat^ t^ 
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output 


Fig. 9. Hyperbolic sweep generator. 



( 8 ) 


This voltage is a step added to a linear saw tooth as 
shown. Such a voltage waveform, required for a 
linear saw tooth of current, may be generated by 
using any of the previous circuits with an addi- 
tional circuit element /I 2 &a shown in Fig. 11, 
Initially, since the voltage across C cannot change 
instantaneously when the clamp is opened, the total 
voltage Vb will divide between R and Ru making 
the potential at point A suddenly rise to VbR^/ 

(R + R2)* 

A more common method of generating a current 
waveform is to generate a ypltage waveform of the 
same form and apply it ^ a negative feedback 



integral of the suddenly impressed constant-ampli- 
tude supply voltage V b- The approximate equation 
of the output waveform is 

Vo - AVb{1 - (6) 

where A is the magnitude of the gain of the ampli- 
fier. Since A is negative, the result will be a nega- 
tive-going saw tooth, the first part of an exponen- 
tial charging toward the effective supply voltage 
AVb^ Thus the linearity is increased by the same 
amount that a charging voltage Vb increased by a 
factor A would increase it. Use of a multistage 
transistor or vacuum-tube amplifier rather than the 
single pentode will thus increase the gain and im- 
prove the linearity. 

Hyperbolic and other waveforms. A waveform 
other than a linear saw tooth may be generated by 
using more complicated RC circuits than the sim- 
ple ones which have been described. For example, 
the bootstrap generator shown in Fig. 9 generates 
an approximate hyperbola. 

Saw-tooth currant gonoration. Often a saw- 
tooth current waveform must be applied to a cir- 
cuit having an inductive component, such as the 
deflection coil of a magnetically deflected cathode- 
ray device. If the coil can be represented by an 
inductance and resistance in series as shown in 
Fig. 10, the voltage appearing across the terminals 
of the coil will be 

»-«(!) + 1 ^^ ( 7 ) 

and if the current t(() is specified as a linear saw 
tooth, i(r) • fct,then 


Fig. 10. Linear current in inductive circuit 



Fig. 12. Current feedback sweep generoter. 
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amplifier with a large amount of current feedback, 
which forces the current in the coil to be approxi- 
mately the form of the generated voltage. Such a 
system is shown in block form in Fig. 12. Such cur- 
rent feedback makes the output impedance of the 
amplifier high and thus approximates a current 
source which is a replica of the applied voltage. 
An actual circuit is shown in Fig. 13. Here, the 
feedback from the cathode of the output tube is 
nearly a true sampling of the coil current. 

If dc levels do not have to be preserved, the de- 
flection roils may be transformer-coupled to the 
output tube as shown in Fig. 14. 

High-frequency limitations. Any actual deflec- 
tion coil can be represented as a series inductance 
and resistance only at relatively low frequencies. 
It also has distiibuted capacitance, which can be 
represented crudely by a shunt capacitance as in 
Fig. 15. This capacitance accounts principally for 
the delay in the start of the sweep and for the mini- 
mum retrace time Tr necessary for recovery. The 
best conditions occur when the oscillatory circuit 

critically damped by the addition of the shunt 
lesistance R. Typical sweep waveforms for critical 
damping and departures from it are shown. 

The hoiizontal deflection circuit of the television 
s\^lem represents a special case where the circuit 
IS iiiiderdamped, or allowed to he oscillatory, for 
half a period with the beginning of the sweep wave- 





(b) 


Fig. 15. Effect of shunt capacitance on deflection sys- 
tem. (a) Circuit representation, (b) Typical waveforms. 


(a) (b) 

^ig. 16. Deflection system with diode damping, (o) Cir- 
cuit diagram, (b) Typical waveform. 

form controlled by special diode circuits as shovm 
in Fig. 16. Fur other types of waves, see Wave- 

SHAPlNfr CIRCUITS [C.M.G.l 

Bibliography: B. Chance et al. (eds.), Wave- 
hrmsy 1949; C. M. Glasford, Fundamentals of 
Tt*emsion Engineerings 1955; J. Millman and 
H. Taub, Pulse and Digital Circuits^ 1956. 

Scalar 

A term synonymous in mathematics with real in 
real number or real function. The magnitude of a 
vector two units in length is the real number or 
scalar 2. The dot or scalar product of two vectors 
, is the product of three real numbers associated with 
them and is therefore a scalar. If in the functional 
relationships S «■ S(x,y,z), F — S ts a 

real number while F is a vector, then S(x,y,s) is a 
scalar function but F(x,y,s) is a vector function. 
See Calculus of vectors. [h.v.cJ 

Scale (music) 

A •nries of notoo arraneed from low to hi|A br « 
specified scheme of intervals, suitahle for mosioal 
purposes. A musical scalvis an arransement of Im 
tervals evolved in dm making of mule. ICijpn « 



iu}from loures 



OKillotory r^ry 

period at ^oiepiao diod. 
natural froquoncy 
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given note of a musical scale is repeated* it need 
not be given exactly the same frequency; the fre- 
quency may be modified significantly in accordance 
with file artistic requirements of the musical con- 
text. Thus it is diflScult to be very specific about 
the '^specified scheme of intervals.” 

The number of musical scales and the intervals 
they contain are myriad, but most of them have in 
common the interval that is today called the octave. 
A possible reason for the general acceptance of 
the octave interval is the fact that it occurs natu- 
rally as the interval between the first and second 
partials of sounds usually considered to be musical 
(see Octave; Partial tone). Also, this is the in- 
terval that results when men and women sing a 
melody together because the natural difference 
between their respective voices is roughly an 
octave. The musical import of two notes an octave 
apart is so often the same that the two notes are 
given the same letter name. 

A diatonic scale is one in which the octave is 
divided into intervals of two different sizes, five of 
one and two of the other. If the size of the smaller 
interval (often called a half-step) is taken as one 
unit, the sequence of intervals in the major diatonic 
scale is 2, 2, I, 2, 2, 2, 1; in the minor diatonic 
scale (melodic ascending), the sequence is 2, 1, 2, 
2, 2, 2, 1. The relative sizes shown by these numbers 
are approximate; only in equal temperament are 
the sizes exactly as is indicated here. For informa- 
tion on tuning and temperament, see Musical 

ACOUSTICS. 

In these days of familiarity with the piano key- 
board, a diatonic (heptatonic) scale can well be 
called a white-key scale because the major scale in 
the key of C is played on the white keys only. The 
remaining keys within the octave delineate five 
intervals that constitute a black-key pentatonic 
scale. 

Numerous mathematical arguments have been 
propounded to explain the choice of smaller in- 
tervals into which the octave can be divided. Also, 
a case can be made for the evolution of the inter- 
vals as a consequence of the instruments used. 
Many primitive flutes, for example, have only six 
holes, presumably because the three central fingers 
of each hand arc most expert in covering the holes. 
If all the holes are covered and then opened one at 
a time, starting at the end distant from the mouth- 
piece, seven tones can be had; an eighth tone, 
obtained by covering all the holes again and blow- 
ing still harder, is roughly an octave higher than 
the first, and a “scale” of seven intervals within an 
octave is thus generated. It may be added that the 
holes of primitive instruments are often equally 
spaced in accordance with a decorative pattern, 
and their number is not necessarily six. [r.w.y.] 

Scale (zoology) 

The body covering of many vertebrates. Scales are 
of two types, epidermal and dermal, based on their 
origin and development. Both types are structurally 
different. 


EpMermal scales. This type of scale is usually 
associated with terrestrial vertebrates, and it is 
derived specifically from the stratum germina- 
tivum. Among the cyclostomes, the tongue and 
buccal cavity possess teeth which are modified 
epidermal scales. Fish lack scales of epidermal 
origin. Among the amphibians, species of the 
spadefoot toad have a comified epidermal struc- 
ture on the hindfoot which is used in digging. It is 
considered by some to represent an epidermal 
scale. Epidermal scales are characteristic of rep- 
tiles and are well-developed in the class. These are 
shed periodically by snakcu; and lizards when they 
molt, the new set of scales* already being formed 
beneath the old before molting. The rattle of the 
rattlesnake is a series of specialized scales, as are 
the scales which cover the carapace and plastron of 
turtles. The legs and feet of birds are covered by 
overlapping epidermal scales. However, the most 
characteristic structure of birds is the feather, 
which is an epidermal derivative. Feathers are 
modified reptilian scales. Many mammals possess 
epidermal scales. Among these are the anteater, 
armadillo, and rodents, of which the tails bear 
scales. Some authorities also consider hair to be 
modified scales. See Feather (bird) ; Hair. o 
Dermal scales. These structures represent rem- 
nants of the dermal skeleton and are most common 
in the fishes. In living fishes, scales are classified 
as ganoid, placid, ctenoid, and cycloid (Fig. 1). 
Cosmoid scales were characteristic of primitive 
crossopterygians such as Osteolepis, In actino- 
pterygians, the characteristic scale was the ganoid 
which is present today in the garpikes and the 
bichir (Polypterus) . Among the amphibians, some 
toads have bony plates imbedded in the skin 



Fig. 1. Epidermal icoles of fish, (o) Ganoid, (b) Floe- 
old. (c) Cycloid (from W. F. Blair of ah, VertebretBlf 
of the UnM Slates, MeGraw^tifl, 1957). id) Clonold. 





Fig. 2. Dermal elements of a turtle carapace. (From 
VV. F. Blair ef o/.« VertebratBs of tho UnHod Sfafos, 
MrGraw-Hill, 1957) 


whereas caecilians have scales in dermal pockets. 
Reptiles, especially the turtles, have a well-de- 
veloped dermal skeleton, covered with epidermal 
scales, in the bony plates which compri^se the 
carapace and plastron (Fig. 2). Dermal ribs or 
gastralia are also present in turtles, as well as 
membrane bones of the skull in certain lizards and 
snakes. Most birds and mammals lack dermal 
skeletal structures except for the membrane bones. 

fCB.C.] 


Scale insect 

Any of several species of the family Coccidae, or- 
der Homoptera. The scale insects are highly modi- 
fied and frequently have lost their wings, antennae, 
and legs. 

Usually the male insects undergo a complete 
metamorphosis and emerge as minute, two-winged 
adults without mouthparts, which do not feed. The 
wingless females have a gradual metamorphosis. 
All are covered with some type of thickened integu- 
ment or waxy secretion. Many of them are legless 
during a large part of their life cycle. Included 
among the scale insects arc some of the most seri- 
ous plant pests, especially of shade and fruit trees. 
See Homoptera; Insecta; Tree. TJ-d-®*] 
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A more widely useful class of circuits functions 
even when the input pulses have random spacing. 
The basic unit of such a scale-of-n cirruit is often 
the bistable multivibrator, which is itself a scale- 
of-two, or binary, circuit. If the square wave from 
one of the output terminals of the multivibrator 
is differentiated and the resultant pulses of one 
polarity used to trigger a second such circuit, the 
result is a count of 4. A cascaded group of n such 
circuits produces a count of 2*. The waveforms of 
three such cascaded stages are shown in Fig. 2. 
Feedback may be used in cascaded counter circuits 
to achieve a count of any number other than 2*. 



Fig. 1. Grid wavefo.m in fixed-period scaling circuit. 
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Scaling circuit 

An electronic circuit that produces one oulfiut 
pulse for a specific number n of input pulses. Such 
a circuit is referred to as a scale-of-n or an 
n-counter circuit. 

A somewhat specialized form of counter, other- 
wise known as a frequency divider, employs an 
astable relaxation oscillator, such as a multivibra- 
tor or blocking oscillator. The natural period n of 
one state is made slightly greater than the penod 
between n input pulses of an equally spaced^ pulse 
train, while the period T 2 of the other state is less 
than the period between each pulse. If the input 
pulses are used as synchronizing pulses superim- 
posed on the input waveform, they cause the re- 
laxation oscillator to recycle in the manner shown 
by the input waveform of Fig. 1, instead of the 
natural period diown by the extended dotted lines. 
See Multivibrator. 


^ I — I — **»»pn* pulses 

Fig. 2. Basic waveforms in random-input scaleH)f-oight 
circuit. 

Many other forms of counters are possible. 
Some use a difierent arrangement of 8cal©K)f>two 
circuiu known as the ring counter; others use 
special tubes such as heam-switching tubes; and 
.till others use the switching properties of square- 
loop magnetic cores. See Counting cutcuiT. 

circuits are used for direct counting of a 
series of events and for basic measurements of time 
and frequency (see Fhequency counteh). The 
scale-of-two circuit is the basic building Mock in 
the binary number system of digital computers 
(see Digital c(»ipoter). fc.H.6.] 

Bibliography: J. Mfllman and H. Taub, Raise 
aad Digiud Ciremts, 1956, 



Scallop 

Any of several species of the genus Pecten^ a group 
of ftee-swimming« marine bivalve mollusks. The 
most common commercial species in the eastern 
United States is Pecten irradians which is found 
along the coast from Nova Scotia to Texas. It 
varies considerably in color but the shape of the 
shell is well-known, because this is the species 
whose shell is the trademark of a major oil com- 
pany. Although other parts of the pectens are 
edible, only the single, large adductor muscle, 
which closes the shell, is marketed as the scallop. 



The fcollopi Pecfon /ocobeus. (From J. G. Wood, 
Popular Natural History, Porter and Coates, 1885) 

On the Pacific Coast the common commercial 
species is Prclen Aindsii, although there are other 
species of less importance along both coasts. The 
basic anatomy of the scaUop is similar to that of 
the mussel except for the presence of only one 
adductor muscle, rather than two. 

Scallops move by the force created by jets of 
water squirted through openings in the mantle 
folds, one of which is pointed down and back, the 
other up and back. With these jets, aided by some 
movement of the shells, they move slowly forward, 
hinge side posterior. When startled they reverse 
the flow of water and clap the shells together, a 
maneuver which thrusts them quickly backward. 
They may rest by attaching themselves to plants 
or other objects by means of a threadlike extension, 
or byssus. Each mantle half is fringed with sensory 
tentacles and marked with a row of small blue 
eyes called ocelli. 

Scallops are hermaphroditic, shedding both 
sperm and eggs into the sea. A short free-swimming 
stage elapses before the larva assumes the aduk 
form. They grow rapidly, spawn during the second 
summer, and usually die by the end of the year. 
See Gastropoda; Mollusca; Mus.sel. [1.0.8.] 

Scandium 

A chemical element. Sc, atomic number 21, and 
atomic weight 44.96 Scandium » a transition ele* 
ment classified with the rare^aith elements be* 


cause its properties are similar to those of this 
group. The only naturally occurring isotope is the 
one of mass 45. 
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Dimitri Mendeleev predicted the existence of 
scandium in 1871; the element was isolated first 
in 1897. The metal has a specific gravity of about 
2.5 at 20*^C; it melts at 1200°C, and it boils at 
24()0^C. The metallic element is not of commercial 
importance. The commercially available oxide, 
Sc'iOa, sells fur about $20 per gram. 

Occurrence and distribution. In the years im- 
mediately following the discovery of the element, 
various workers examined many different ores, 
minerals, and other substances for scandium. In a 
remarkably large percentage of cases they found 
the element present but almost invariably in con- 
centrations considerably less than 1%. 

The only mineral which may be described as a 
scandium ore is Norwegian thortveitite. An analy- 
sis of a specimen showed 34% SC2O3 together with 
45% SiOz, 10% Y2O3, 5% AI2O3, 3% FczOa, 1.5% 
La203, with lesser amounts of the oxides of copper, 
magnesium, manganese, and thorium. It also oc- 
curs in ores of tin, of tungsten, and of the rare 
earths. 

Compounds. Scandium is the first of the transi- 
tion family of the periodic table, scandium (atomic 
number Z, 21) to zinc (Z, 30). Its atom has two 
electrons in the outermost shell and one electron 
in the incomplete 3d shell. All three electrons par- 
ticipate as valence electrons and the normal oxida- 
tion state is 3+. The normal salts may be repre- 
sented by the formula ScXi where X is a halide, 
nitrate, perchlorate, or other monovalent anion; 
and by the type SC2X3 for the bivalent anions such 
as sulfate, oxalate, and carbonate. Scandium forms 
an aqueous complex ion rSc(H20)6]^^ and conse- 
quently forms many basic salts of the inorganic 
and organic acids. The trivalent cation itself is an 
acid only slightly weaker than acetic acid in aque- 
ous solution. 

[Sc(Hrf))al*+ + Hrf) 

r it *]«■ 

LSc(HiO)iJt 

The divalent cation resulting from the transfer 
of one proton to a water molecule forms dimers 


and also tends to form trimera and higher aasoci- 
atea. Since hydroxyl ion and even water can be re- 
placed by practically all the anions, it is not sur- 
prising that compounds of the formula 

Sc(0H)2a xH20, Sc( 0 H)(S 04 )xH 20 , 
and Sc(OH) (CH3C02)-7.1H20 

have been reported. In fact, it is diflScult to obtain 
normal salts in the solid state from aqueous solu- 
tion with the exact stoichiometric ratio of anion to 
cation. 

Scandium also forms a number of organic com- 
plexes such as the oxinate, Sc(C9H6ON)2*C0- 
H7ON, which forms the basis for a quantitative de- 
termination of the element, and a number of col- 
ored complexes with reagents such as carminic 
arid, alizarin sulfonic acid, 1,2,5, 8-tetrahydroxy- 
anthroqiiinone, ammonium piirpurate, phenylar- 
sonir acid, and 2,5-dihydroxy-l,4-benzoquinone. 
The last reagent is the basis for a sensitive quali- 
tative test for scandium. 

Separation and purification. The element was 
originally separated as oxide from other elements 
by precipitation as oxalate, fluoride, or fluosilicate, 
and the final oxalate precipitate was ignited to the 
oxide. Other methods involve the extraction of the 
chloride with ether from aqueous solution in the 
presence of hydrogen chloride or ammonium thio- 
cyanate. More recently purification by complexing 
with thenoyltrifluoroacetone has been reported. 
The use of ion-exchange resins for separation is 
also possible. See Rare-earth elements; Tran- 
sition ELEMENTS. [M.KI.] 

Scaphopoda 

\ class of the phylum Mollusca. It is a small but 
distinct group. The soft body closely fits the ex- 
ternal, curved, and tapering, nonchambered, arago- 
nitic shell which is open at both ends. The shell is 
commonly attenuated posteriorly and superficially 
resembles an elephant tusk or a carnivorous canine 
tooth, hence the common name of tusk or tooth 
shell. It is commonly sculptured with longitudinal 
or annular ribs, or rarely lacks surface ornamenta- 
tion. 

The class is divided into two families composed, 
of approximately 350 living species. In the family 
Dentaliidae, the foot is pointed with the epipodial 
collar interrupted dorsally to give a trifid appear- 
ance. Siphinodentaliidae is characterized by a sub- 
terminal epipodial ridge which is not slit dorsally 
and terminates with a crenulated disk. 

Scaphopods are largely restricted to subtidal 
waters, but live in a variety of substrates. The ani- 
mals burrow into the bottom by means of the foot 
which is extended through the anterior opening of 
the tube. The shell is held in an oblique position in 
the substratum with the anterior portion buried and 
the posterior opening exposed at the surface of the 
bottom to provide for the circulation of water. 
Numerous food-gathering, prdiensile filaments ex- 
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tend from the cephalic region through the anterior 
aperture to remove organic material from the sub- 
strate. See Mollusca. [w.k.e.] 

Scapoiite 

A complex aluminosilicate of sodium and calcium 
belonging to the tectosilicate group of silicate 
minerals. It crystallizes in the tetragonal system, 
usually in coarse prismatic crystals with pyramidal 
terminations. There are four directions of cleavage 
at 45® to each other parallel to two prism forms. 
The hardness is .5-6 on Mohs scale. The specific 
gravity varies from 2.65 to 2.74 depending upon 
the composition. The luster is vitreous; the color 
is usually white, gray, or pale green and more 
rarely reddish or blue. See Silicate minerals. 

Scapoiite varies greatly in composition, for the 
name is used for all intermediate members of a 
complete solid-solution series. The name wemerite 
is also given to these intermediate members. The 
end members of the series are mirialite, Na4Al8- 
Si9024Cl, and meionite, Ca4AloSi6024C08, whose 
compositions are suggestive of the plagioclase 
feldspars. There is complete substitution of Ca. for 
Na, and as in the feldspars concomitant substitu- 
tion of A1 for Si. There is also complete substitu- 
tion of Cl, CO3, and SO4 for one another. 

Scapoiite is a metamorphic mineral found in 
crystalline limestone as a product of contact meta- 
morphism, and in schistp and gneisses. Minerals 
commonly associated are pyroxenes, amphiboles, 
garnets, apatite, zircon, and sphene. Transparent 
yellow crystals from Madagascar and Brazil have 
been cut as gem stones. Ordinary scapoiite has 
been found at various places in Massachusetts and 
New York and in Ontario. [c.s,hu.] 

Scarlet fever 

An acute contagious disease which is the classic 
example of infection by the microorganism Strep- 
tococcus hemolyticus. Fever, sore throat, rash, 
headache, and vomiting follow from 2 to 7 days 
after contact with a carrier whose illness was prob- 
ably not scarlet fever. The bright red rash over the 
body L papular, or rough, with sandpaperlike qual- 
ity. It blanches on pressure to leave a transient 
« image, as in sunburn. A deeply flushed face with 
circumoral pallor, or paleness around the mouth, 
completes the patient’s outward appearance. The 
tongue is aptly described as ’’strawberry,’* some- 
times ’’raspberry.” There is a fiery redness of the 
throat and the swollen tonsils are covered widi 
patches of white exudate. The rash fades in a few 
days to be followed by desquamation, or peeling, 
while symptoms abate. 

Early complications such as visibly swollen neck 
glands and draining ears mean bacterial spread 
from the nose and throat. Late complications, such 
as rheumatic fever and nephritis, or kidney disease, 
appear during convalescence. Since diese are 
neither from actual infection nor toxemin, that is, 
toxin in blood, a sendtivity to some hauMaial sub- 
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stance is likely. In ^surgical’* scarlet fever the 
source of the erythrogenic, or rash-producing* toxin 
is an infected burn or other wound. 

Scarlet fever* spontaneously milder for some 
years* is shortened by prompt penicillin treatment* 
which prevents both types of complications. Second 
attacks are rare. The Dick skin test determines 
susceptibility to scarlet fever. See Bacteriology* 
medical; Lancefield differentiation scheme; 
Rheumatic fever; Skin test; Streptococcus. 

[P.L.B.] 

Scattering (electromagnetic radiation) 

The process in which energy is removed from a 
beam of electromagnetic radiation and emitted 
without appreciable change in wavelength. This 
article is restricted to the scattering of visible 
light; for discussions of scattering of electromag- 
netic radiation important at other wavelengths, see 
Compton effect; Radio- wave propagation. 

In other processes* energy removed from a light 
beam through interaction with a material is either 
reemitted with a change in wavelength, or con- 
verted to molecular motion and, ultimately, to heat. 
See Absorption (electromagnetic radiation) ; 
Fluorescence; Raman effect. 

Important instances of light scattering are Ray- 
leigh scattering by gases, which explains the blue 
color of the sky; scattering by liquids and by solu- 
tions of large molecules; and Tyndall scattering 
by colloidal particles (see Tyndall effect). Light 
scattering is an important analytical tool with ap- 
plications in many fields. For example, it is used to 
measure the size of particles and also to deter- 
mine molecular weights. Interstellar dust scatters 
starlight as it passes through space. Although the 
scattered light itself is much too faint to be de- 
tected* analysis of the transmitted beams yields 
information on the nature and amount of dust 
through which the beams have passed. 

Theory of scattering. When a beam of light en- 
counters a particle* the electrically charged nuclei 
and electrons in the material undergo induced 
vibrations in phase with the incident wave. The 
oscillating charges act as sources of light which 
is propagated with the same wavelength as the 
exciting beam. Since light travels only at right 
angles to the direction of vibration of the oscil- 
lating charges* the horizontally and vertically po- 
larized components of the incident beam produce 
scattering amplitudes proportional to cos 9 ($ be- 
ing the angle between the incident and scattered 
rays) and independent of 9, respectively (Fig. 1). 
The intensity of scattering is proportional to the 
sum of the squares of the amplitudes* that is* to 
(1 + co 8^9) for unpolarized incident light (see 
Polarized light). This analysis holds true only 
for small isotropic particles; extension to other 
systems is considered later. 

Small indepandant particlai. Scattering by 
small independent particles is called Rayleigh scat- 
tering. Lord Rayleigh (1871) showed Aat the in- 



Fig. 1. Relative intensities i of hor^ntally and ver- 
tically polarized light scattered from a small isotropic 
particle. 


tensity U of light scattered by a gas from an inci- 
dent beam of intensity /o and observed at a distance 
r is given by 
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where v, n, and A. are, respectively, the number of 
scattering particles per cm***, the refractive index of ♦ 
the gas, and the wavelength of the light. The 
quantity R$ is known as Rayleigh’s ratio. This 
formula allows th^ calculation, from v, of either 
Avogadro’s number N or the molecular weight Af 
of the gas, if the other is known. 

The dependence of scattered intensity on the 
inverse fourth power of wavelength accounts for 
the color of the sky: blue light, of shorter wave- 
length, is scattered more strongly than light of 
other colors. The scattering of sunlight by clean 
air (J. Tyndall, 1868) can be observed directly in 
the apparatus of Fig. 2. 

If the scattering particles are anisotropic (opti- 
cally unsymmetrical), as is the case even with 
most gases* the scattered light is partially de- 
polarized* that is, some horizontally polarized light 
is observed at 9 » M**. The ratio of the intensities 
of the vertical and horizontal components gives 
information on the shape and symmetry of the 
particles (J. Cabannes* 1929). 

Small nonindependant particles. In a gas, each 
molecule scatters light independently of its neigh- 
bors. In condensed phases, however* the positions 
of neighboring panicles are approximately fixed 
rather than randomly variable. This leads to fixed 
phase relations and destructive interference of 
most of the scattered light. The remaining scatter- 
ing arises from random thermal fluctuations in the 
density of particles within small elemehts of the 
volume (A. Einstein* 1910; M. Smoluchowski, 
1912). The magnitude of the fluctuations is derived 
by comparing the thermal energy kT (k is Boltz- 
mann’s constant* T is the absolute temperature) 
with the work required to cause a change in density 




Fig. 2. Laboratory demonstration of the scattering of 
sunlight by clean air. (After R. W. Wood, 1934, from 
J. Strong, Concepts of Classical Optics, W. H. Free- 
man, 1938) 

through application of an external pressure p. The 
scattered intensity is proportional to (UTk/X^) 
(pn dn/dp)" where k is the compressibility of the 
liquid. 

Large molecules in solution. In mixtures of 
liquids and in solutions, irregular changes in den- 
sity and refractive index also arise from fluctua- 
tions in composition. The effect of these fluctua- 
tions is calculated (P. Debye, 1944) in terms of 
concentration changes arising from the osmotic 
pressure P, that is, the applied pressure that would 
be required to prevent the flow of the solvent 
across a perfectly semipcrmeable membrane. The 
scattered intensity is proportional to (ckT/X}) 
{n dn/dc)‘^/{dP/dc) where c is the solute con- 
centration. 

In application to solutions of polymer molecules 
two cases must be considered, depending on 
whether the size of the dissolved molecules is small 
compared to the wavelength of the light, hor small 
molecules, insertion of the appropriate concentra- 
tion dependence of the osmotic pressure leads to 
the relation 

Kc/Ri^l/M+2AfP 

in which K — {2irV/N\^){dn/dc)^ 

and A 2 , called the second virial coefficient, char- 
acterizes deviations from ideal solution behavior 
due to polymer-solvent interactions. It is often 
convenient to express light scattering in terms of 
the turbidity t, the fractional decrease in intensity 
of the incident beam due to scattering, thus; 
r « (167r/3)/lB0. whence 

ftr/r- l/Af+2i<tc 

in which H - (321rW/3^A«) (dn/dc)^ 

If the solute contains more than one molecular 
weight species, M is the weight average molecular 
weight. See Molecular weight; Osmosis; Poly- 
mer. 

If the scattering particle is larger than about 
one-tenth the wavelength of the light, it can no 
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longer be considered as a point source. Instead, 
scattered rays from different parts of the particle 
undergo destructive interference. This results in 
the diminution of scattered intensity and the in- 
troduction of dissymmetry into its dependence on 
0; more light is scattered in the forward than in 
the backward direction. To a first approximation, 
suitable for most polymer solutions, 

Kc/Rs - l/MP(e) + 2A^ 

where P{9) is a particle scattering function. For 
spheres (Lord Rayleigh, 1911; R. Cans, 1925), 

P(fl) [(3/x’)(sin X — X cos x)]* 

X - 2t(D/X.) sin (8/2) 

where D is the diameter of the sphere and « X/n 
is the wavelength of light in the solution. For 
random coil polymers (P. Debye, 1947), 

P(fl)- (2/x*)[e*^ (1-x)] 

X- (8irV3)(rW) 8inMfl/2) 

where is the mean square distance between the 
ends of the random coil. 

In the usual experimental treatment (B. H. 
Zimm, 1948), observations are made as a function 
of both r and 8. The values of M and A 2 are ob- 
tained after extrapolation to 0 » 0 (where 
P(0) = 1), and those of D or r* after extrapola- 
tion to c =* 0 (Fig. 3). 

Colloidal particles. For scattering by particles 
larger than macroniolecules, the Rayleigh-Gans 
approximate treatment is no longer adequate. The 
dependence of scattered intensity on particle size, 
refractive index, and angle becomes complex ; 
the complete theory is developed only for spheres 
(G. Mie, 1908). The intensity of Mie scattering 
ma^ show several maxima and minima as a function 
of angle (higher-order Tyndall spectra). The de- 
pendence on wavelength is to a power less than the 
inverse fourth; thus the scattered light often ap- 
pears white instead of blue. Due 'to the complexity 



Fig. 3. Treotmant of light-scattaring dota for o poly- 
mar solution (polymatkyl mathacrylata in butonona). 
Intarcapf of abscisia « 0 It \/M, and A 2 ond ora 
darivad from tha tiopat of tha 0 -> 0 and c « 0 Wnm, 
raipactivaly. 
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of the Mie equations, it is usual to base quantita- 
live applications on tables of numerical calcula- 
tions. [f. W. BILIMEYER, JR.] 

Bibliography \ F. W. Billmeyer, Jr., Textbook of 
Polymer Chemistry^ 1957 ; M. Fishman, Light 
Scattering by Colloidal Systems, 1957; V. K. La 
Mer and M. Kerker. Light scattered by particles, 
ScL American, 188(2) : 69-76, 1953; K. A. Stacey, 
Light Scattering in Physical Chemistry, 1956; 
H. C ran de Hulst, Light Scattering by Small 
Particles, 1957. 

Scattering (nuclear) dispersion relations 

A relativistic quantum theory of interparticle 
forces formulated directly in terms of the scatter- 
ing of one particle by another. The basic force 
laws are expressed as conditions on scattering 
amplitudes, the complex quantities whose square 
moduli determine the probability that a particular 
reaction will occur when particles collide. See 
Scattering matrix: sec also Elementary parti- 
cle; Scattering experiments, nuclear. 

Historical development. The three essential 
conditions placed on scattering amplitudes in dis- 
persion theory are Lorentz invariance, unitarity, 
" and analyticity. Lorentz invariance has been recog- 
nized as a requirement of any physical theory 
since the invention of special relativity by Einstein 
in 1905. It guarantees that the form of the theory 
shall be the same in any inertial frame of reference 
{see Relativity). The importance of unitarity was 
first emphasized by Werner Heisenberg in 1943, 
although this concept was already implicit in the 
structure of quantum mechanics; it corresponds 
to the conservation of probability, together with 
the completeness of the set of wave functions that 
describes all possible nuclear reactions. .See Q^an- 
TUM THEORY, NONRELATIVISTIC. 

The third property, analyticity. is more obscure, 
both in historical origin and in physical signifi- 
cance. Each scattering amplitude is required to 
be an analytic function of the momenta of the 
initial and final particles in the reaction, with 
poles and cuts determined by unitarity. A special 
case of such a property was noticed first by H. A. 
Kramers and R. deL. Kronig in 1926 in connection 
with the forward-direction scattering of light by 
atomic systems. Howcjver, there was relatively little 
interest until 1955, when two independent dis- 
coveries started a rapid chain of developments. 
First, it was conjectured by R. Karplus and 
M. Ruderman and by M. L. Goldberger that the 
Kramers-Kronig type of analyticity applies in a 
Lorentz-invariant manner to the scattering of mas- 
sive particles; this conjecture was quickly con- 
firmed experimentally for pion-nucleon scattering. 
Almost simultaneously, G. F. Chew and F. Low 
exhibited a somewhat different type of analyticity 
for a nonrelativistic theory of the pion-nucleon 
interaction and showed that the combination of 
analyticity and unitarity corresponded to a de- 
tailed and experimentally correct force law for 
this system. 


After 1955 an effort was made to extend the 
Lorentz-invariant analyticity properties to the 
point where they became dynamically as complete 
as the Chew-Low theory. After a number of small 
but significant advances, this goal was achieved 
in a major step by Stanley Mandelstam in 1958, 
who exhibited a simultaneous analytic continua- 
tion of elastic amplitudes in the energy and angle 
of scattering, consistent both with unitarity and 
with lorentz invariance. A generalization of Man- 
delstam*8 conjecture by L. Landau and R. E. 
Cutkosky has shown how unitarity can prescribe 
the singularities of an arbitrary scattering ampli- 
tude, regardless of the number of particles pro- 
duced in the reaction. 

Experimental status. It has been ^monstrated 
that the three requirements — Lorentz invariance, 
unitarity, and analyticity — theoretically deter- 
mine interparticle nuclear forces in at least as 
complete a sense as the Maxwell equations deter- 
mine electromagnetic forces. One is led to non- 
linear integral equations in several variables, and 
mathematical techniques have not yet been suffi- 
ciently developed to test the theory in a complete 
way. Nevertheless, a number of successful experi- 
mental predictions have already been achieved. 
Outstanding among these are the dispersion rela- 
tions for forward-direction pion-nucleon scattering 
and the description of the 200-Mev pion-nucleon 
resonance. It was the above-mentioned success of 
these predictions in 1955 that helped to kindle 
widespread interest in ^e dispersion approach to 
the theory of nuclear forces. Sec Meson, 

A dispersifju relation is simply the Cauchy 
formula for an analytic function in terms of the 
residues of its poles and the discontinuities across 
its cuts (see Complex numbers and complex 
variables). For the pion-nucleon forward-scatter- 
ing amplitude, the discontinuity turns out to be 
given by unitarity in terms of the total pion-nucleon 
cross section, and the residue of the single pole is 
the so-called pion-nucleon coupling constant. One 
thus achieves a prediction of the forward ampli- 
tude in terms of quantities that can be measured 
independently. A careful check of this prediction 
in high-energy accelerators at many different labo- 
ratories has revealed no discrepancy. 

The other major early success of dispersion 
theory was the correct assignment of quantum 
numbers to the pion-nucleon resonance at 200 Mev, 
together with a formula for the width (inverse life- 
time) of this resonance in terms of the pion- 
nucleon coupling constant. This successful descrip- 
tion of the pion-nucleon resonance was highly 
influential in demonstrating the dynamic capabili- 
ties of the analyticity principle. In general, it may 
be said that no experimental violations of the 
analyticity principle have been observed thus far. 

Theoretical status. The physical origin of the 
analyticity of scattering amplitudes appears to 
lie in the notion of causality: that events at 
different points in space cannot influence each 
odier unless a signal, moving no faster than the 



velocity of light, is able to travel from one point 
to the other in the time interval between events. 
The connection between causality and analyticity 
has been demonstrated in elementary terms for 
elastic scattering in the forward direction, but 
more geneial analyticity principles, such as those 
embodied in the Mandelstam representation, have 
M) far been derivable only through the apparatus 
of quantum field theory. See Quantum field 

IHFORY. 

This situation is unsatisfactory for two reasons 
First, even if the field concept is accepted as legiti- 
mate for describing particles other than photons, 
the deduction therefrom of the com])lcte ana- 
lyticity principle has so far been possible only 
through an expansion in powers of coupling con- 
stants; for nuclear interactions these constants 
are so large that su(h an expansion is mathemati- 
callv meaningless. Second, the field concept for 
massive and strongly interacting particles has a 
dubious status Among other difficulties, it implies 
a distinction between “elementary” and “complex” 
pai tides for which there is no experimental moti- 
vation At piesent, therefore the basis foi the 
general analyticity piinciple must be regarded as 
largcdv experimental fc, i ( in w] 

Hihlwgraphy G F Chew, S Matrix Theory of 
Strong Intel adions^ 1961 

Scattering experiments, atomic and 
molecuiar 

Fxperiments in which an incident particle or sys 
tern of particles, such as an electron atom, or 
molec ule, is deflected bv collision with an atom or 
1 molecule Such experiments are useful for man 
reasons; they provide checks on the theory of scat 
fering and \ield information on the nature of 
atomic and molecular forces They are also im- 
portant since the experiments can be designed to 
''imulate conditions in the upper atmosphere, to 
provide information on electric discharges, and 
to aid in the theory of stellar absorption and plane- 
tary nebulae 

Classification of coiiisions. An impact between 
two atomic systems is said to be elastic if it in- 
volves no transfei of energy between the internal 
motions within the two systems and the motion of ^ * 
relative translation Otherwise it is inelastic or 
superelastic according as energy is given to, or 
taken from, internal motion. See Collision. 

If radiation is emitted during the impact the col- 
lision is radiative, otherwise it is nonradiative. 

Rearrangement collisions are those in which 
there is a redistribution of particles between the 
colliding systems after the impact. 

In general, in any type of collision, scattering 
occurs; that is, the direction of relative motion of 
the colliding systems before and after impact is 
rotated to a new direction. 

Any number of systems may be involved in an 
impact Usually collisions between two initial sys- 
tems are studied. More than two systems may re- 
volt from the impact, in which case the directions 
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and energies of motion of all the resultants need 
to be specified. 

Collision rates. Specification of collision rates is 
best done by introducing first the concept of total 
collision cross section. Gmsider a beam of elec- 
trons passing through a gas. If an electron is re- 
garded as lost from the beam because of a change 
in direction or energy by a collision with a gas 
molecule, the beam current will be reduced by a 
factor e'"' in passing a distance x through the gas. 
The quantity ct can be written as ATQ, where N is 
the number of gas molecules per unit volume and 
Q is the total effective cross section for collisions 
between electrons of speed v and the gas molecules. 

Effective cross sections for different types of col- 
lisions follow bv introducing probabilities pj which 
give the chance that a collision is of a particular 
type i The quantity pfi is then the effective cross 
section Q, for a collision of this type 
Scattering in a particular type of collision is 
specified in terms of a differential cross section. If 
ij(0y <l>) is the chance that, in a collision of type 
;, the direction of motion of the electron is turned 
through an angle 0 into the solid angle sin 0 dO difi* 
the corresponding differential cross section or 
scattered intensity is 

PyQf/(ff,0) sin 0 d0 d4* 

In many experiments the electrons diffuse as a 
swarm rather than as a directed beam. If f{B)dE 
IS the number of electrons of the swarm with en- 
ergy between E and E + dE, the number of colli- 
sions of type ; occurring per second is given by 

Nff(E)Q,(E)vdE 

where v is the speed of an electron of energy £. 
These definitions and formulas may be extended to 
cover collisions between more complicated sys- 
tems 

In general, cross sections defined in this manner 
have definite values and may be measured with ap- 
paratus of sufficient resolving power. For impact 
between charged particles the total cross section 
is unbounded, but the scattered intensity remains 
definitf at all angles greater than zero. 

Cross-section evaluation. The simplest problem 
is that of scattering of a beam of structureless par- 
ticles of mass m and speed v by a center which 
exerts a force of potential V{r),r being the distance 
of a particle from the center. Differential cross sec- 
tions for this case may be calculated without ap- 
proximation by the methods of quantum theory, 
if F (r) exceeds the kinetic energy at dis- 

tances r < a where a y> h/mv, classical mechanics 
may be used to calculate the differential cross sec- 
tion for all angles 0 > h/mva. If V (r) is much less 
than for all r or for r < a where a <C h/mv^ a 
quantum mechanical perturbation treatment, known 
as Born’s first approximation, is valid. 

For the special case V » A/r^ where is a con- 
stant, the classical theory and Bom’s first approx- 
imation both give the exact value for the different 
tial cross sections for all valueoof 5. 



For coUiaions between systems with internal 
strncturet no exact theoretical calculation of cross 
sections is possible. If the interaction between the 
systems is weak, Bom*s first approximation may be 
extended to these cases. In general this will be so 
if the velocity of relative translation of the collid- 
ing systems is much greater than the velocities of 
the internal motions. When this is not satisfied, 
there is no general method of approximation, but 
methods applicable to certain types of collision 
are available. 

Bectroii-aloin colllsiona. These have been 
studied intensively, both experimentally and theo- 
retically. Different types of collision which may 
occur include (1) elastic; (2) inelastic, involving 
excitation of discrete atomic states; (3) ionisa- 
tion; (4) radiative capture to form negative ions; 
(5) radiative collisions in which the electron is 
not captured. 

Radiative collisions are much less probable than 
nonradiative collisions, whereas the cross sections 
for inelastic collisions are comparable with those 
for elastic collisions at electron energies that are 
large compared with the minimum energy neces- 
sary to produce excitation. 

Total cross sections have been measured for low- 
velocity electrons, using beams as well as diffusing 
swarms of electrons. Great variability in magni- 
tude and velocity dependence is observed for dif- 
ferent atoms (see Fig. 1). In general the observed 



Fig. 1. Observed vorkition of the total crou sections 
for collisions of slow electrons In argon, krypton, ond 
xenon; « 0.53 X 10-^ cm. 


differential cross sections for elastic scattering in 
this velocity range exhibit maxima and minima as 
functions of the angle of scattering 9, the number 
increasing with the atomic number and, for a given 
atom, with electron velocity (see Fig. 2). 

These effects are due to diffraction of the elec- 
trons by the scattering atoms. For low-velocity 
electrons elastic scattering is the most important, 
and the full quantum theory of scattering by the 
undisturbed field of the atom can be used to calcu- 
late the cross sections. In a complete theory, al- 
lowance must be made for exchange of electrons 
between the atom and incident beam and for polar- 
ization of the atom during the impact. The latter 
leads to increased scattering at smAjll angles. 

Inelastic nonradiative collisions have been stud- 
ied experimentally by a variety of methods. Excita- 
tion of discrete states has been investigated by 
optical and electrical techniques. In the optical 
method one measures the intensity of radiation 
emitted at a particular wavelength from an electron 
beam of definite length that is passed through a gas 
at low pressure. For excitation of metastable states, 
relative yield at different electron velocities is ob- 
served either by use of optical absorption or by ob- 
serving the electric current emitted from a surface 
on which the metastable atoms impinge. An im- 
portant electrical method involves measurement of 
the fraction of electrons which have lost discrete 
amounts of energy in diffusing to the walls of a 
cylinder from an axi^source. 

Ionizing collisions have been studied by'measur- 
ing the number of positive ions produced by an 
electron beam of definite energy passing for a defi- 
nite distance through the gas at low pressure. The 
relative probabilities of collisions in which one, 
two, or more electrons are removed from the atom 
have been observed in some cases by performing a 
mass-spectrographic analysis of the product ions. 

For all inelastic collisions involving excitation 
of an opticaUy allowed transition, the variation of 
cross section with electron velocity has the form 
illustrated in curve 1 of Fig. 3, although for ener- 
gies E close to the threshold some irregularities 
may occur. The maximum occurs for energies a 
few times Eo^ and at high electron speeds v, the 
cross section falls off as ir^ In av where or is a con- 
stant. 

Excitation of a state with multiplicity different 
from that of the ground state can only take place 
through electron exchange (except for heavy 
atoms such as mercury for which it is not a good 
approximation to assign a definite multiplicity to a 
particular state). The excitation cross sections are 
large only for electron energies within a few elec- 
tron volts of the threshold (see Fig. 3, curve 2). 
Very sharp maxima may occur in this energy re- 
gion, but detailed information is not yet available 
except for the excitation of the 2^5 and 2^5 states 
of helium. 

Cross sections for excitation of transitions in- 
volving no change of multiplicity but which are op*^ 
tically forbidden (see Fig. 3, curve 3) have ffie 
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Fig 2. Obsdrvftd differential cross sections for elastic 
and inelastic scattering of electrons in argon for vari- 
ous electron energies. The latter ore given at electron 
volts. 


same general form as in curve 1 of Fig. 3, but the 
maximum occurs at a smaller value of E/Eo and 
the decrease at high velocity is proportional to 
a-*. 

Born’s first approximation gives good results for 
the cross sections for electron velocities well ^ 
yond the maximum. In collisions which do not in- 
volve change of multiplicity at lower energies, it 
gives an overestimate. Improved theory has been 
ftpplied with some success to calculation of the ex- 
citation of 2^S and 2*5 stotes of helium and of the 
2s and 2p states of hydrogen. 

Differential cross sectims for inelastic collisions 
fcave not been observed so extensively, but for col- 
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Fig. 3. Observed crou sections for excitation of dif- 
ferent states of helium by electron impoctt curve 1, 
an optically allowed transition; curve 2, 4^D, an opti- 
caily disallowed transition involving no change of mul- 
tiplicity, curve 3, 4^5, an opticolly disallowed transi- 
tion with change of multiplicity. The cross sections 
are given in arbitrary units which are different for 
eoch curve— -the emphasis Is on illustration of the vari- 
ation of cross sectbns with electron energy. 
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lisions involving the most probable excitation and 
also for ionizing collisions, data are available. At 
not too large electron velocities, maxima and min- 
ima are found in the scattered intensity for excita- 
tion of a particular state. These resemble corre- 
sponding results for elastic scattering and are due 
to the effect of the atomic field in producing strong 
distortions of the incident and outgoing electron 
waves from the plane-wave form. 

Polarization of the light emitted by electron im- 
part has been studied for some atoms. This de- 
pends on the relative probability of excitation of 
states with angular momenta of the same magni- 
tude but with different components along the di- 
rection of the electron beam. Agreement between 
theory and experiment in this field is not yet satis- 
factory. 

The cross section for capture of an electron by 
an atom to give a negative ion is of the order 10*^^ 
cm^ or less. At small electron velocities v, the cross 
section varies as for capture into an s state, but 
is independent of v for capture into a p state. Very 
few obutrvations of the affinity spectrum due to 
these capture processes have been made, although 
'some evidence has been reported for oxygen and 
hydrogen. 

Cross sections for the reverse process, that of 
photodetachment of an electron from a negative 
ion, have been measured for H~, O’, and S’, and 
from these the radiative capture cross sections may 
be oljUdned, using what is known as the theory of 
detailpd balancing. 

Photodetachmmit is of major importance in the 
solar atmosphere. The H’ ions determine the fre* 
quency distribution of the continuous emission 
from t^e sun in the visible region. At longer wave- 
lengths, absorption by free electrons in the neigh- 
borhood of H atoms is important. This is the 
inverse process to electron scattering by hydrogen 
atoms, in which the electrons emit radiate with- 
out bsAng captured. 
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Eloctron-moloculo collisions. If the electrons 
collide with a molecule instead of with an atom, 
some additional possibilities arise. Molecular vi- 
bration or rotation may be excited, and dissocia- 
tion of the molecule into two or more neutral or 
ionized fragments may occur. The only experi- 
mental evidence about electron excitation of vi- 
bration and rotation has been obtained from ob- 
servation of the mean energy of electron swarms 
diffusing through gases in an electric field. The 
probability of vibrational excitation is of the <irder 
of 1% per collision; that for rotation is much 
higher for molecules with permanent electric di- 
pole or quadrupole moments. See Molecular 
STRUCTURE AND SPECTRA. 

Extensive studies have been made of the relative 
probabilities of production of different positively 
charged fragments due to impact of electrons hav- 
ing energies near 100 ev with various molecules. 
This has been done using mass spectrography and 
is useful for analysis of industrial gases and va- 
pors, especially hydrocarbons. 

Negative ion formation by dissociation attach- 
ment may occur in electron impact with a molecule 
via a process such as 

AB + e““ — ♦ + Br 


of positive ion mobility and the viscosity and diffu- 
sion coefficients of gases. For helium, at tempera- 
tures below 50^K, quantum effects become appre- 
ciable. The main aim of these studies is to derive 
the interaction energy between the gas atoms. 

Transfer collisions. Transfer of charge may be 
studied by firing an ion beam of homogeneous en- 
ergy through a gas and measuring the net current 
of slow positive ions produced for a given path 
length. Information about excitation transfer is 
available only from indirect methods involving the 
quenching of radiation by foreign atoms or other 
methods. 

The magnitude and dependence of the cross sec- 
tion on relative velocity of impact, V. for a transfer 
collision, depends very strongly on the amount of 
energy, A£, transferred between translational and 
internal motion. 

Figure 4 illustrates typical observed cross sec- 
tions for charge transfer collisions between posi- 
tive ions and neutral atoms as functions of the rela- 
tive impact velocity, v. In general, the maximum 
cross section occurs roughly when 
27raA£/(fit;) s 1 

where a is a length of the order of atomic dimen- 
sions. When AE = 0, as for example in 


In O 2 and CO, these cross sections are of the order 
10-^9-10“*^ cm^ in certain narrow electron en- 
ergy ranges. Capture of very slow electrons with- 
out dissociation may occur in polyatomic gases, as 
in SFr,. 

Dissociation of a molecule into positive and 
negative ions may occur if the electrons are suffi- 
ciently energetic. 

Collisions of atomic systems. If both the col- 
liding systems are atoms or molecules, elastic, ex- 
citation, or ionization processes can occur. The 
inelastic processes occur only if the energy of rela- 
tive motion is great enough. Either or both of the 
colliding systems may be excited. 

There are certain additional possibilities which 
can be called transfer collisions. They include the 
following: 


A^ + B 
A' + B 
A* + B 
A-^ + B- 


A + B' 

A + B^ + e-‘ 

A + B^ 

A* + W 


.^transfer of excitation 
'ytransfer of charge 


The last process is often called mutual neutraliza- 
tion. 

Elastic scattering. Elastic cross sections for 
atom-atom impacts may be calculated by treating 
the interaction between the atoms as static, so that 
the problem is reducible to that of scattering by a 
fixed center of force. Except at very small angles 
of scattering and very low energies of relative mo- 
tion (much less than the mean value at room tem- 
perature) the differential cross section may be cal- 
culated from classical mechanics. Very few direct 
experimental observations have been made, but in- 
direct information is available from measurements 


He-^He+He;^ 

ihe cross section falls steadily as the value of v 
increases. 

In all these cases, fjle magnitude of the cross sec- 
tion never exceeds gas kinetic values by a large 
factor. This is because there is no long range in- 
teraction between either the initial or the final sys- 
tem. For charge transfer, in which either the initial 
or the final system is charged, as in 

A-^+B-'-* A' + fl" 
or 

this is no bmger true, and cross sections greatly in 
excess of gas kinetic values may result. For a given 



Fig. 4. Some observed cross sections for charge trans- 
fer processes: 

(1) 0 + + Kr-»Kr+ + O + 0.43 w 

(2) Br+ + X*->X 0 + + Br- 0.28 0V 

(3) C+ + X0-*X0+ +C- 0.860V 

0 
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pair of reactants, the minimum cross section need 
not occur when » 0 but will usually occur for 
small values of A£. 

A similar situation arises with excitation trans- 
fer. Cross sections much greater than gas kinetic 
values may occur for small AE only when both 
transitions which take place in the reactants are 
allowed. 

In general, the cross section for a transfer col- 
lision can greatly exceed the gas kinetic value only 
when there is a long range interaction between ei- 
ther the initial or the final reacting systems. 

Excitation and ionization. Provided the velocity 
V of relative motion is large compared with that, u, 
of the internal electronic motions concerned, the 
cross section for excitation of a particular atomic 
state is nearly the same for impact of singly 
charged positive ions as for electrons of the same 
relative velocity v (see Fig. 5). This is true also 
for ionization. 

When V < i/, the cross section for excitation or 
ionization by positive ion impact is in general 
siiidll and decreases rapidly as i decreases. Neutral 
atoms or molecules mav be more effective than ions 
of the same relative velocitv in this range, the de- 



Fig. 5. A pronounced difference exists in the varia- 
tion with energy of the cross sections for excitation of 
certain lines by electrons and by hydrogen atoms. Ex- 
citation of the line with wavelength 3888 A: curve la, 
by electrons; curve 1b, by hydrogen atoms. Excitationr 
of the line with wavelength 3964 A; curve 2a, by elec- 
trons, curve 2b, by hydrogen atoms. 

crease of the cross section as v decreases being 
often more gradual. There may be many excep- 
tions to these general rules, but the subject has not 
been thoroughly explored. See Electron diffrac- 
iion; Molecular beams; Quantum thlory, 
nonrelativistic; Raman effect; Scattering ex- 
pfriments, nuclear. 

[h. s. w. masslyI 
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Scattering experiments, nuclear 

Experiments in which particles such as electrons, 
nucleons, a-particles, and mesons are deflected by 
collisions with atomic nuclei. Much is learned from 
such experiments about the nature of the scattered 
particle, the scattering center, and the forces act- 
ing between them. Scattering experiments, made 
possible by the construction of high-energy particle 
accelerators, are one of the main sources of infor- 
mation regarding the structure of matter. 

In the broad sense, any nuclear reaction is an 
example of scattering. However, this article treats 
scattering only in a more restricted sense as given 
in the definition. See Nin 1 1 ar reaction. 

Modern views on nuclear and atomic physics 
had their beginnings in the experiments on the 
scattering of or-particles in their passage through 
matter and their interpretation bv Ernest Ruther- 
ford. See Atomic siruciure and spectra. 

Definitions. The word elastic is used to indi- 
cate the absence of energy loss. If particle A 
collides with particle B of finite mass, which is 
originallv at rest, there is a loss in the energy of A 
even if no energv has been transferred to the in- 
ternal degrees of freedom of cither A or B. Some- 
times such a collision is referred to as inelastic in 
order to distinguish its character from a collision 
with a particle having an infinite mass or its 
idealization, a fixed center of force. This terminol- 
ogy is not useful in the present context because in 
the (entei-of-mass system ol the two particles the 
sum of kinetic energies after the collision is the 
same as before {see Collision). The distinction 
between elastic and inelastic scattering is made 
therefore on the basis of whethei there are internal 
energv changes in the colliding particles. The 
collbion is said to be inelastic even if the energy 
changes of the two particles compensate so as to 
leave the sum of the kinetic energies in the ccnter- 
of-mass system unaltered. The theory of inelastic 
scattering is connected with nudear reaction the- 
ory because nuclear reactions have a marked in- 
fluent e on the scattering. 

It is also useful to distinguish between coherent 
and incoherent scattering; the distinction is made 
on the basis of the ability of the scattered wave to 
interfere with the incident one. Inelastic scattering 
is always incoherent. There are situations in which 
elastic scattering is incoherent. 

Low-energy n-p scattering. Deuterons, the nu- 
clei of heavy hydrogen, have a mass nearly twice 
tha^ of the neutron. Under the action of y-rays 
they dissociate into protons, p. and neutrons, n. 
It is usually supposed, therefore, that each deuteron 
is composed of one p and one n, and the first at- 
tempts to estimate the magnitude of nuclear forces 
made use of this assumption together with the 
measured value of the deuteron binding energy. It 
appeared reasonable to suppose that the spatial 
extension of the it-p force, the so-called range of 
force, is relatively small, and this assumption made 
it possible to estimate the scaltering cross section, 
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which iiiniiahes the probability that a neutron will 
be scattered by a proton (see Neutron cross sec- 
tion)* The measured n-p scattering cross section is 
larger than would be expected if the forces be- 
tween free neutrons and protons were the same as 
those in the deuteron. To explain this difference, 
it was postulated that the n-p interaction is spin 
dependent, that is, that it depends on the relative 
orientation of the spins of the interacting particles. 
The proton and neutron are known to have a 
spin of %; that is, their intrinsic angular momenta 
are known to be % (A/27r) « ft/2, where A is 
Planck*6 constant. According to quantum mechan- 
ics, when two spins sj, 52 combine vectorially, only 
the values 

S » Si + S2, Si + S2 — 1* • • • > I *1 — ^2 I 

are possible for the resultant. In the present case, 
therefore, the resultant spins are 0 or 1. In the 
first case one speaks of a singlet, in the second of a 
triplet. 

The singlet state liehaves mu(*h like a round 
and perfectly smooth object which has the same 
appearance no matter how it is viewed, correspond- 
ing to only one possibility of forming a state with 
5*0. The state with s = 1, on the other hand, can 
have three distinct spin orientations. Measurement 
of the projection of s on an axis fixed In space 
can give only the three values (1, 0, —1), again in 
units ft. When protons with random spin directions 
collide with neutrons also having random spin 
directions, the triplet state is formed three times as 
often as the singlet. The deuteron, however, is in a 
triplet state. Thus the hypothesis of spin depend- 
ence can account for the difference between the 
forces in the deuteron and those in n-p scattering. 

The neutron-hydrogen scattering experiments on 
which these conclusions were based were per- 
formed with slow neutrons having an energy of 
1 electron volt (ev) or less. The general quantum- 
mechanical theory of scattering is much sim- 
plified in this case. Because of the small range 
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of nuclear forces, only the collisions with sero 
orbital angular momentum Lh play a role, colli- 
sions with higher orbital angular momenta missing 
the region within which nuclear interactions take 
place. States with L ^ 0 (called 5 states) have the 
property of spherical symmetry, and nuclear 
forces matter in this case only inasmuch as they 
modify the spherically symmetric part of the wave 
function. See Quantum mechanics. 

The long-wavelength scattering cross section 
can be described completely by a quantity called 
the scattering length. For interparticle distances 
r greater than the range of nuclear forces the 
spherically symmetric part of the wave function 
has the form 

Cri+(a/r)1 

where a and C are constants. The constant a is 
called the scattering length. It has the following 
meaning. Calling the wave function /{(r), the prod- 
uct rR(r) when plotted against r is represented by 
a straight line which cuts the axis of r at a distance 
a to the left of the origin of coordinates. If the 
intersection is to the right of the origin, a is 
counted as negative. The two conditions are illus- 
trated in Figs. I and 2. Sometimes the opposite 
convention regarding the sign a is used. The con- 
vention adhered to here provides the simplest coi- 
rection with phase shifts. 

The scattering cross section for a state with 
well-defined a is 4 7raJ. Comparison of n-p scat- 
tering and deuteron data determined 4 tt oo***’. Where 
an is the a for the singlet state. The sign of Oo was 
determined as positive from slow-neutron scatter- 
ing and partly from the phenomenon of photomag- 
netic capture of neutrons by protons. The possibil- 
ities an > 0 and Uo < 0 are sometimes referred to 
as those of the virtual and the real level, respec- 
tively. 

From the viewpoint of the pion theory of nucleon- 
nucleon interactions it appears highly improbable 
that a description of nucleon-nucleon scattering in 
terms of two-body energy independent local poten- 
tials can have fundamental significance. Neverthe- 
less, in a limited energy range, it is practical and 
customary to represent scattering by means of such 
a potential. For the energy range below the thresh- 
old of meson production a real potential may be 
used but different potentials are required for trip- 
let-even, triplet-odd, singlet-even and singlet-odd 
states. Further complications are mentioned in the 
section on “Intermediate and high energy n-p and 
p-p scattering.” At very low energies these compli- 
cations are not important and a satisfactory repro- 
duction of experimental data is obtained employing 
only the triplet-even and singlet-even potentials. 

The term “potential well” is often used to 
describe the potential energy, especially if it is 
attractive, because the system can be trapped in 
the region of space occupied by the potential 
somewhat similarly to the way in which water is 
trapped in a well. It is frequently useful to expreait 



the potential energy in the form V{t) » 
— Av{r/b)^ where i; is a function which determineb 
the shape of the well. The constants A and h are 
usually referred to as the depth and range parame- 
ters The scattering length determines approxi- 
mately the product Ab^^ for a potential well of as- 
signed shape The variation of the cross section 
with energy E through an energy range of a few 
Mev can be used for the determination of b See 
NuCLK AR STRUC TORE, QUANTUM FIFLD THFORY 

Low-energy p-p scattering. The p p and p n in- 
teractions are believed to be closely equal This 
equality gave rise to the hypothesis of charge inde- 
pendence of nuclear forces, which supposes that 
nuclear forces, acting in addition to the electro 
static (Coulomb) repulsion, in the p-p, p n, and n n 
( ases are equal to each other. Because of the limits 
of experimental accuracy and uncertainties m the 
theoretical interpretation the hypothesis is not es- 
tablished with perfect accuracy, but it is believed 
to hold within a few per cent for the depth param- 
eter A if the range parameter b is specified as the 
same in the three c ases Meson theor> suggests that 
nucleon nucleon interactions aie not exactly i harge 
independent, the underlying law being prc sumably 
valid for the meson-nucleon interactions 

There is no proof that the shapes of the p p and 
n p potential wells are the same, the data up to a 
tew Mev energy determining primaiily values of 
A and b for any assumed reasonable shape but 
distinguishing poorly between different assumed 
shapes It should be emphasized that all statements 
made heie and below in terms of potentials art not 
ni( ant in the sense that the potentials are believed 
lo have physical reality to any larger extent than 
that they provide a convenient desciiption of the 
i( suits of scattering experiments the binding en 
ergy of the deutcion, and appioximatelv also of ex 
perimental findings on the photodisinU gration of 
the deuteron, elastic and inelastic scattering of 
electrons from il and of its quadrupole moments 

Phase shifts. Scattering can be treated by means 
of phase shifts, which will be illustrated for two 
spinless particles The wave function of relative 
motion will be considered first for a stale of definite 
orbital angular momentum Lft, with L « integer 
Outside the range of nuclear forces the wave func 
tion may be represented as 

= Ylm ffL ^kr)/(kr){r > R) 

where A/2ir is the lecipiocal of the wavelength, the 
'so called wave number, B and ^ aie the colatitude and 
a/imuthal an^es of a polar coordinate system, and Tlat 
IS the spherical harmonic of order L and azimuthal 
quantum number M. The form of is determined by 
^he Schrodinger wave equation, which restricts SFl by 
the differential equation 

+ [** - L(L + l)/r^ jffL = 0 (r > «) 

It being supposed that there is no Coulomb field. In 
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the absence of nuclear forces ffx, satisfies the some 
equation at all distances, and aside from a constant 
factor has its asymptotic form determined by the 
boundaiy conditions at r == 0 as 

SFl ^ sin (Ar - Lir/2) 
r— >00 

In the presence of nuclear interactions the asymp- 
totic loim IS similarly determined and, on account of 
the vanishing of L(L + 1)A^ at large r, is given by 

^ sin (kr - Zir/2 + Kj) 

whtre A/ IS i constant, called tht pfiaae shift 
wlurh determines the scatteiing See StArTERlNG 
MATRIX 

If lw«> partu les with spin ^ collide, it is in general 
necessdiy lo irilroduce phase shifts for each state 
with definite total angular momentum JH For p-p 
scattering ilu exclusion piinciple restiiets the possi- 
bilitits to the singlet even and liiplet-odd states, 

’Fi, *^ 4 , . , where the 

nunibei in the upper lett position designates the 
multiplicity and that in the lower light the value of /. 

The phase shifts for cases with the same / but 
with L differing by 2, sui h as *^2 and *^ 2 * need fur- 
ther explanation I he idea of the phase shift (a leal 
nuinlier) holds for a pioper linear combination of 
the wave i unctions lepresentmg and V 2 and 
apart fioin arbitrary factois there are just two ‘•uch 
combinations The specification of the two mutually 
orthogonal linear combmatiuns requires one addi- 
tional pai dine ter, called the coupling paiameter The 
phase shifts for each combination aie called the 
eigenphdse shifts lor np scattering there are the 
additior il states . . If 

chaige independence is assumed, the specifically 
niicleir foices for the singlet even and triplet-odd 
states are the same in the n p anc^ p p cases 

lor charged particles, such as two piotons, the 
phase shilts caused by specifically nuclear forexss 
are added themsehes to the asymptotic phase of the 
functions for the Coulomb rase, which differ fiom 
the non i oulomb rase only through the replacement 
of kr — Lk/2 by kr — Lir/2 -- q In (2A r) -f- arg T 
IL + I + iri), wheie = Zi Z 2 e^/h 1 , Zic and 
Zse aie the charges on the colliding particles, e the 
electronic charge, v the relative velocity. 

The phase shifts for singlet states with orbital 
angular momentum Lh will be denoted by Kip those 
foi triplet states with orbital and total angular 
momeipta with Afi, Jh by if' with frequent replace- 
ment of L by the corresponding spectroscopic sym- 
bol. Thus 8^1 is the phase shift for See 
Quantum theory, nonrelativistic; see also An- 
gular MOMENTUM, EXCLUSION PRINCIPLE; GaMMA 
function; Spherical harmonics. 

IntariMdiato and high anargy n-p and pp 
acatlaring. In the mtermediate energy regkm ( 10 - 
440 Mev) the analysis of experimental material is 
more difficult than at low energies on acaomit of 
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the ttecesdity of employing many phase shifts and 
coupling conotantti (phase parameters). Analysis 
in terms of phase parameters involves fewer as- 
sumptions than that in terms of potentials. Except 
for approidmations connected with the infrared 
catastrophe and related small inaccuracies in rela- 
tivistic treatment of Coulomb scattering, it is be- 
lieved to be based on very generally accepted as- 
sumptions, such as validity of time reversal and 
parity symmetries for strong interactions. With in- 
finite experimental acciira(*y it should be possible 
to extract all the phase parameters from measure- 
ments of the differential cross section, the polari- 
zation. spin correlation coefficients, and “triple 
scattering'" quantities describing spin orientation 
which, for unpolarized incident beams and un- 
polarized targets, recpiire three successive scatter- 
ings. 

The analysis is usually carried out by assuming 
that for sufficiently high L and / the phase parame- 
ters may be represented bv means of the one-pion 
exchange approximation. The value of the pion- 
nucleon coupling constant g- is often varied in an 
attempt to improve the fit to experimental data, 
and values for best fits are compared with those 
from pion physics. Reasonable agreement usually 
results. Consistency of values of g- from p-p data 
with those from n-p measurements indicates va1idit> 
of charge independence at the larger distances. 
Less accurate tests employing direct adjustments to 
data of phase parameters for low L and / such as 
and /Ci», gave no definite indication of a differ- 
ence between their values in p-p as compared with 
those in n-p scattering. Further support for charge 
independence is found in indications of agreement 
of the n-fi and p-n scattering lengths. The svmme- 
try of pion-niicleon interactions in isotopic-spin 
space implied by the hypothesis of charge inde- 
pendence forms the foundation for the classification 
of strange particles and of their properties in which 
symmetries which are generalizations of that in 
isotopic-spin space are postulate<l. See .Strange 
parth.lk; Symmetry laws (physics). 

Above 440 Mev, nucleon-nucleon scattering be- 
comes definitely inelastic on account of pion pro- 
duction. and the phase parameters become com- 
plex. Data analyses in terms of phase parameters 
have been made in this energy region at energies 
of about 700 Mcv. but not as systemalicaiiy as in 
the 0-350 Mev energy region. Intensive studies of 
p-p scattering have been made at very high ener- 
gies, especially at the Krookhaven Naticmal Labora- 
tory (BNL), corresponding to momenta from 6.8 
to 19.6 Bev/c. These appeared to offer considerable 
support to the Regge pole description of particles. 
This gave a better representation of the phenome- 
non of shrinkage of the diffraction pattern than the 
older opaque disc and sphere models. These find- 
ings have nearly caused a fundamental revision of 
views regarding the nature of elementary particles 
appearing to lequire a close association of a parti- 
cle with a “Regge trajectory” on which both stable 


and unstable particles may be located. They were 
thus temporarily considered as a substantiation of 
the closely related but not wholly interdependent 
views that among the strongly interacting particles 
no one particle is more elementary than any other, 
that the resonances are to be considered as parti- 
cles, and that properties of the scattering matrix 
(or complex values of the angular momentum are 
of great significance. At the Conference on Nu- 
cleon Structure at Stanford in 1963, results of new 
pion-nucleon scattering experiments at the BNL 
were reported. The shrinkage of the diffraction pat- 
tern expected from “polology” arguments proved 
absent. Regge poles and trajectories description of 
elementary particles then lost its j^opularity. It 
also proved difficult to treat the mathematics of the 
complex plane rigorously, particularly in demon- 
strating the absence of branch cuts that can inter- 
fere with the applicability of the formulae. Never- 
theless the democracy among particles view is 
believed by most to have at least partial validity. 

Elastic and inelastic antiniicleon-nucleon and 
antinuc'leon-nijcleus scattering is yielding valuable 
Information regarding nucleon-nucleon interactiims 
as well as the inherent relationship of nucleons to 
strange particles. 

Potentials to be used in a nonrelativistic SchrtJ- 
dinger equation and capable of representing p-p 
and n-p scattering have been devised either on a 
purely phenomenological or semiphenomenological 
basis. The former way provides a more accurate 
representation of the data. Nonrelativistic local 
potentials required from 0 to 310 Mev are different 
according to whether the state is even or odd, 
singlet or triplet. It is necessary to use central, 
tensor, spin-orbit and quadratic spin-orbit parts of 
the potential. Most of the accurately adjusted po- 
tentials employ hard cores within which the poten- 
tial is infinite. The spin-orbit potential suggested 
by p-p scattering data indicated the probable par- 
ticipation of vector-meson exchange in nucleon- 
nucleon scattering, anticipating the discoveries of 
the 0 ) and p mesons, and correlating the phenomeno- 
logical indications for short range repulsion with 
thosSe for .spin-orbit interaction. 

Semiquantitative evidence for the participation 
of the exchange of ci> and p mesons in nucleon- 
nucleon interactions had led to one-boson exchange 
potential models. These employ potentials corre- 
.sponding to exchanges of .single bosons such as 
pions, o> and p mesons as well as fictitious mesons, 
the latter partly intended as a representation of si- 
multaneous two-pion exchange. At short distances 
the potentials are modified so as to improve agree- 
ment with experiment. In somewhat the same cate- 
gory are some of the dispersion theoretical Regge- 
pole type treatments of the intermediate energy re- 
gion. Attempts at employment of pion-nucleon 
scattering data with the aid of dispersion relations 
have been only partly successful, and so has the 
more purely field theoretical approach. In both 
cases the introduction of effects of vector mesoda 



m e**^ential for waring even approximate agree 
went with experiment See Scaftfring (NUdhAR) 

lllbPKRSlON RFLATIONS 

Above the meson production threshold the poten- 
twK contain an imaginary part, which is essential 
for taking account of the absorption of the incident 
wa\c through inelastic processes There has been 
some success in representing p p scattering in the 
many Bev region by sue h methods. 

In d nuc leon nuc leon collision evem below the 
meson production threshold, virtual pions, kaons, 
and miiltipion resonant states are produced (sfc 
Eifmlniary PARIICII) Calc Illation of nucleon- 
nucleon interactions that result is complicated and 
md> be insoluble in the near future There is no 
reason for expecting a rigorous representation of 
the nucleon nucleon scattering data in terms of lo 
c d1 potentials to exist in any othei sense than that 
of parametrization c)f the data No convincing lea 
sons foi expecting such potentials lo be applicable 
to the calculation of binding encTgiec of light nn 
del to the pioperlics ol nudcai matter or the de 
s<iiption of the photodismtegiation of the deutt*ron 
hive l)ctn evolved Such applic aticms of fiotentials 
derived ficiin nucleon nuc Ic on scattciing data as 
have been made have not proved especiallv sue mss 
till with the possible exception of some featiiies of 
(f{/p)n It is piobable, howevci that thioiigh a 
combination of tests of the pic sc me of one and 
two pjon exchange iiitc tac tions and of dTects of 
nmitipion le sonant es the main physical processes 
!c Sponsible feu nuc leon mideon interactions are 
c lose to having been asc e itainc'd 

Scattering of nucleons, - mesons, and elec 
trons by nuclei. Scatleung of nucleons bv nuclei 
at high eneigies (100 *>00 Mev) is of interest on 
It count of its connection with nuc Ic on nucleon 
scattc^ring It is possilde to calculate appicixi 
mately the scattering of a nucleon from a nucleus 
bv issuming the knowledge of phase shifts in the 
nucleon nucleon case rescattering of a wive scat 
tered bv one nuclear nucleon by ancjther one being 
su])posed unimportant There is fan agreement be 
tween sets of phase shifts which fit niuleon nucleon 
sc altering at SOO Mev and the obseived cross sec 
lions and polaii/ations for nucleon nucleus scallei 
mgs The problem of determining the correct set* 
u mains open. No decided loiitradic lions have been 
found but this and similar studies have not le- 
siilted in an essential advance of the nucleon 
nuclecm problem. 

Numt rous recent attempts to ac c ount for 
niideon-nucleus scattering by means of T-matrix 
<ec hniques in terms of recently established nucleon- 
nucleon phase parameters have met with only 
partial success, the diflii ulties being primarilv with 
the quantitative representation of polarization in 
nucleon-nucleus scattering. The lack of knowledge 
nf off energy shell matrix elements is responsible 
for this difficulty. At both low and high energies 
melastic nucleon-nucleus scattering is yielding in- 
formation concerning nuclear structure. 
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NucIeon-nucJeus scattering experiments can be 
accounted for by a potential well model with a 
complex potential (optical model) making use of 
a spin-urbit interaction term. The details of angular 
distributions of the cross section and polarization 
are reproduced surprisingly well and experiments 
favor some potential well shapes over others. Wells 
thus determined are wider than those obtained 
from elei tron nucleus scattering experiments, and 
similar shapes woik in both cases The potential 
energy represented bv the wells is added to the 
electrostatic potential energv in the calculations 
The iattei is approximated bv a central potential 
c orrespcuiding to the average distribution of nu- 
fleai charge Manv nuclear radii have been deter- 
mined and the variation of density of nuclear 
matter within a nucleus is believed to have been 
partly determined 

Tilt electron scattering experiments are con- 
cerned with the dial go distribution, and if one 
supposc*s that in a nuc leus (as is the c ase outside of 
It) the neutrons remain neutral, the experiments 
deteiminc the distribution of proton density. There 
IS evidence from the coherent neutral photopion 
])mdiution that the neutron and proton densities 
are not very different, and it appears likely there- 
foie that electron scattering gives the density of 
nuc lear matter to a fan approximation This view 
has qualitative suppoit in the scattciing of high 
energv pions (^1 Bev), which are in agreement 
witli the same shape of potential energy well as 
used tor electron scatteiing experiments and lead 
to onlv a 6^f larger radius A direct comparison of 

with 1 sc attering indic ales a difference of less 
than in the effective radius for Pb The 6^ 
increase* in ladiiis is perhaps caused by the finite 
i«ingf of the nut leon pion interaction while the 
neiitr »n and pioton dt risiiy distributions appear to 
he ricai l> the same 

Optical model potential fits to nuc leon nucleus 
data aie in geneial agreement with the data in a 
wide energ> range from several Mev up to about 
J0() Mev but the parameters of the potential have 
to be V iried progressively One of the earlier con- 
firmaliori- of the adequacy of this method has been 
found in the repiesentation of observed maxima in 
the scattering of neutrons The spin-orbit potential 
found to leprcscnt the scattering data at the lower 


eneigies has the same value of its ratio to 
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whete Fft m the lentral potential, as it has in the 
shell theory of nuclear stnnture At higher ener* 
gies*(300 Mev) it has Iteen found that the spin- 
orbit potential has to be used with a smaller 
strength than in shell theory. The real part of the 
lentral potential decreases with energy and be- 
comes amost zero at 300 Mev. Data at 1 Bev on 
proton scattering from carbon can be accounted 
for nn the optical model by means of an imaglnarv 
central and real spin-otbit potential. Hie opticid 
model potential is not a potential in the ordinaty 
sense. When inserted in the wave equation in the 
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place where the usual potential normally stands, it 
gives agreement with experiment by simulating the 
rather complicated interaction with the many nu- 
clear nucleons. 

Electron-nucieon scattering. Scattering of 
electrons by hydrogen gives information regarding 
the electron-proton interaction. From measure- 
ments of the variation of the differential cross sec- 
tion it has been found necessary to postulate that 
both the proton charge and its intrinsic magnetic 
moment are distributed through a finite volume. 
Existing work favors the assumption of similarity 
of shape of these distributions. The important 
energies for the detection of these effects arc be- 
tween 200 and .SOO Mev, and the anomalous mag- 
netic moment of the proton plays an important 
part at high energies. The experiments make it 
probable that the charge density has an rms radius 
of approximately 0.8 X 10"” cm. Measurements on 
the scattering of electrons by hydrogen at large 
angles and high energies are essential for the 
conclusion that the magnetic moment of the neu- 
tron is not concentrated at a point. If it is as- 
sumed that neutron and proton magnetic moments 
are distributed through nearly the same volumes, 
a good representation of the scattering measure- 
ments is obtained. 

Analyses of scattering data at various angles and 
energies indicate that there is no charge density 
within the volume occupied by the neutron. This 
result is in agreement with measurements of the 
neutron-electron interaction made by scattering 
very slow neutrons from atomic electrons and 
atomic nuclei. While there is an interaction equiva- 
lent to a potential energy of approximately —3900 
ev through a distance of e-Zme- amounting to ap- 
proximately 2.8 10 ” cm, it is accounted for 

qualitatively as a consequence of what E. Schro- 
dinger called the Zhterhewegung (tremblalory 
motion) expected for the neutron. 

In the interpretation of these experiments there 
is also no call for assuming a large effect of the 
charge distribution within the neutron, but a 
small and as yet not definitely accounted for ef- 
fect is believed to exist. The words “charge dis- 
tribution" used in this section are not meant in 
the literal sense of the distribution in the ref- 
erence system of the nucleon but refer to the 
Fourier transform of form factors in the space of 
the transferred momentum which are derived from 
experiments in different Lorentz frames. The dis- 
tinction is important for high momentum trans- 
fers, that is, fine space scale detail of the charge 
density. 

Meson scattering. Scattering of tt mesons 
(pions) by nucleons has been intensively studied 
on account of its inherent interest as an example 
of a strong interaction between a boson and a 
baryon, as well as on account of its connection 
with nucleon-nucleon interactions. Pion-nucleon 
scattering shows resonances, the most well known 
of which, at about 200 Mev, exhibits properties 


which fit in with observations on photopion pro- 
duction from nucleons. Charge independence in 
pion-nucleon interactions is confirmed by the scat- 
tering measurements and their phase shift analy- 
ses. The value of the pion-nucleon coupling 
constant fits in with the one-pion exchange potential 
tests by means of nucleon-nucleon scattering, and 
qualitatively also with the two-pion exchange inter- 
action. Attempts to connect pion-nucleon scattering 
with nucleon-nucleon scattering and with multipion 
resonances by means of dispersion relations have 
been made with only partial success. 

Observations have been made on the scattering 
of K mesons by nuclei. Although in some early 
work it appeared that the K-p diffei«ntial cross 
section showed forward peaking and indicated the 
superposition of a repulsive S-wave interaction 
onto the Coulomb wave function, later work does 
not support this view. The data do not compare in 
accuracy with those from nucleon-nucleon experi- 
ments, and conclu.sions regarding the J?-nucleon 
interaction may be premature. 

Scattering of p mesons (muons) and studies of 
their polarization have been suggested as a possible 
means of obtaining information concerning nuclei 
and also regarding the asymmetry of muon decay, 
the latter being of interest in the theory of the .so- 
called weak interactions. Behavior of atoms con- 
taining p mesons indicates that p. mesons interact 
with protons and neutrons entirely or almost en- 
tirely through electromannetic forces. No evidence 
for the existence of anther type of /x-p and p-n 
interaction has been found. Studies with p. mesons 
are thus likely to be similar in content to those per- 
formed with electrons. Because of the small num- 
ber of muons available, experimental results have 
not led to clear-cut conclusions. See Mf.son. 

Inelastic scattering of electrons by nuclei has 
been the subjeijt of experimental and theoretical 
studies promising to (contribute to the understand- 
ing of nui'lear .structure. \g, breitI 

Bibliography: H. A. Bethe, F. I)e Hoffmann, and 
S. S. Schweber, Mesons and Fields, 2 vols., 1955; 
H. A. Bethe and P. Morrison, Elementary Nuclear 
Theory, 2d ed., 1956; L. Eisenbud and E. P. 
Wigner, Nuclear Structure, 1958; R. D. Evans, The 
Atomic Nucleus, 1955. 

Scattering layer 

A term in oceanography referring to layers of ani- 
mals or organisms in the sea which cause sound to 
scatter and return echoes. Recordings by sonic 
sounding devices of echoes from sound scatterers 
indicate that the scattering organisms are ar- 
ranged in approximately horizontal layers in the 
water, usually well above the bottom. The layers 
are found in both shallow and deep water. 

Deep scattaring layer. In deep water one or 
more well-defined layers generally are present. 
They are readily detected by echo-sounding equip- 
ment capable of scanning the sound spectrum from 
1 to 60 kc/sec, each layer having maximum scat- 



tering at different frequencies. Commonly, but 
not universally, the deep-water layers migrate ver- 
tically in apparent response to changes in natural 
illumination. The most pronounced migration fol- 
lows a diurnal cycle, the layers rising at night, 
sometimes to the surface, and descending to 
greater depth during the day. The common range 
of daytime depths is 100-400 fathoms. The migra- 
tion is modified by moonlight at night and has been 
observed to be modified during the day by heavy 
local cloud cover, as in a squall. The occurrence of 
the layers in deep water was first demonstrated by 
C. Eyring, R Christiansen, and R. Raitt. Soe Echo 
sounder; Underwater sound. 

Scattering organisms. Sound scatterers have not 
yet been specifically identified. Shallow-water scat- 
terers have been identified in some instances as 
fish, in others as plankton. Their occurrence is ex- 
tremely variable. M. W. Johnson pointed out in 
1946 that the layers which migrate diurnally must 
be animals capable of swimming to change their 
depth, rather than plant life or some physical 
boundary such as an abrupt temperature change in 
the water. In V. C. Anderson demonstrated 

lliat some of the deep-water scatterers have a much 
smaller acoustical impedance than sea water. This 
fact fits the suggestion by N. B. Marshall in 1961 
that the scatterers may be small fishes with gas- 
filled swim bladders, many of which are known to 
be geographically dislrihiiltMl much as the layers 
are. In 1954 J. B. Ilcrsey and R. H. Backus found 
that the principal layers in several localities mi- 
grate in frequency of peak response while migrat- 
ing in depth, thus indicating that the majority of 
scallerers fit Marshall’s suggestion. 

New' techniques, combining acoustic and photo- 
graphic recording, offer promise of specific identi- 
fication of sc.attering organisms. When such identi- 
fication is made possible, sonic methods should 
prove even more useful in studying the ecology of 
bathypclagic animals. See Dkkp-sea fauna; Un- 
derwater photography; Underwater televi- 
sion. 

[j. B. herseyI 

Bibliography: N. B. Marshall, Balhypelagic 
fishes as sound scatterers in the ocean, /. Marine 
Research, 10:1-17, 1951; L. A. Walford, The deep- 
sea layer of life, ScL Am., 185(2) :24-28, 1951. 

Scattering matrix 

A matrix which expresses the initial state in a scat- 
tering experiment in terms of the possible final 
states, and hence enters the calculation of the prob- 
abilities that certain reactions will occur in a col- 
lision of two or more particles. The scattering 
matrix was introduced by J. A. Wheeler in 1937 in 
the discussion of the theory of nuclear reactions. 
Previous work on scattering theory (applied to 
atomic collisions) had been based for the most 
part on the use of the Schrodinger equation for the 
<lirect calculation of the scattering amplitude. 
However, the multiplicity of different reactions in 
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a typical nuclear collision and the uncertainties in 
the form of the nuclear forces made a more general 
approach to reaction theory desirable. 

The problem is compounded in the relativistic 
domain, where particles may be created or de- 
stroyed in a collision and the forces between ele- 
mentary particles are known only approximately. 
There is, furthermore, no useful relativistic analog 
of the Schrodinger equation. It was therefore sug- 
gested by W. Heisenberg in 1943 that the S matrix 
should play a fundamental rather than a subsidiary 
role in relativistic quantum mechanics, and consid- 
erable progress has been made toward this goal. 
See Elementary particle; Matrix Mechanics; 
Nuclear reaction; Quantum mechanics; Scat- 
tering experiments, nuclear. 

Definition and properties. The initial state of 
a system of particles specified by the set of quantum 
numbers y may be described by an “ingoing” wave 
function \\ in). Ingoing functions satisfy boundary 
conditions such that it is possible to construct from^ 
them wave functions in which the individual par- 
ticles arc lo(‘a1ized and converge toward the region 
of interaction prior to their collision. The final 
states of the system are described by a similar set 
of outgoing wave functions |j8, out), from which 
wave functions can be constructed which describe 
particles that diverge from the interaction region at 
times long after the collision. It is convenient to nor- 
malize the in- and out-states to unit ingoing or out- 
going particle flux in the center-of-mass coordinate 
system. An in-state |A, in) may be reexpressed in 
terms of the out-states as 

I y, in ) = I /3, out ) Spy 

The iinUrix of prohubility amplitudes, S^y, which re- 
lates all possible initial and final states, is the scat- 
tering matrix, or S matrix. 

Conservation of probability in the possible reac- 
tions re(|uircs that he a unitary matrix, that is, 
that = where has the 

value 1 if a-j8 and 0 if jS. Additional restric- 
tions on S may be deduced if it is assumed that the 
interactions are invariant under Lorentz transfor- 
i^atiuns, the discrete operations of reflection of the 
*space or time axes, particle-antiparticle interchange 
(charge conjugation), or such internal symmetries 
as isotopic-spin and unitary symmetry. See Rela- 
tivity; Symmetry laws (physics). 

The expansion of the ingoing states in terms of 
the outgoing states provides a clear physical 
picture* of the results to be expected from a colli- 
sion of the particles in the initial state. The scat- 
tered wave is obtained by subtracting from the 
final wave those components which did not interact. 
The resulting probability amplitude for finding 
the state |)9, out) in the scattered wave is given by 
Sfiy — The scattering amplitude is obtained 
by multiplying the probability amplitude by the 
flux in the actual incident state. For a two-particle 
plane-wave state, this factor is fi/2p, where p is the 
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Typicoi Feynman diagrams for two-particle scattering, 
(o) Second-order diagram; (b) a fourth-order diagram. 
Solid lines represent scattered particles^ broken lines 
particles which transmit force between them. 

momentum of either incident particle in the cen- 
ter-of-mass system. Thus 

ffiy = (ft/2l/») (S/J-y Sfly) 

The scattering cross section for a transition to a Iwo- 
particle final state is then given by 

Perturbation calculations. A Lorentz covariant 
perturbation theory for the direct calculation of S 
on the basis of quantum field theory was developed 
in 1948-1949 by J. Schwinger. R. P. Feynman, 
and F. J. Dyson. The S-matrix element may be 
written as the matrix element of a time-ordered 
exponential operator between states |y) and \P) 
of the noninteracting system : 

= (/3 1 expjT-Q^ 1 7>+ 

Here H'(x) is the interaction Hamiltonian, and 
the + on the bracket indicates that the operators 
ff'(t). . . . in the Taylor series expansion 
of the exponential are to be arranged from left to 
right in order of decreasing time variables. The 
terms in this Taylor series can be represented by 
means of the diagrammatic technique introduced 
by Feynman (see illustration). Each vertex and 
leg in the diagrams is associated with the compo- 
nent of the matrix element corresponding to the 
process depicted. The set of Feynman diagrams 
thereby provides a convenient algorithm for the 
construction of S to any order in H\ Soe Pertur- 
bation (quantum mechanics) ; Quantum elec- 
trodynamics; Quantum field theory. 

Dispersion theory. The covariant perturbation 
techniques have been remarkably successful in 
quantum electrodynamics: the fine structure con- 
stant, being small, provides a natural expansion 
parameter for the perturbation series. In contrast, 
the strength of the specifically nuclear forces be- 
tween elementary particles prevents a meaningful 
perturbation expansion of S for particle reactions. 
Much emphasis has consequently been given in 
recent years to Heisenberg's original conjecture 
that liorentz invariance and unitarity could be used 
in part to determine S. It has in fact been possible 
to develop at least a partial dynamical theory of 
the S matrix by supplementing the requirements of 
Lorentz invariance and unitarity by analyticity con- 
ditions derived from perturbation theory. Although 
this dispersion-relation, or 5-matrix, theory of 
strong interactions has been quite successful in 


some instances, particularly in the study of low- 
energy baryon-meson scattering, the theoretical 
basis of the approach remains obscure. See Scat- 
tering (nuclear) dispersion relations. 

[l. DURAND, III] 

Bibliography I J. M. Blatt and V. F. Weisskopf, 
Theoretical Nuclear Physics^ 1952; W. Brenig 
and R. Haag, General quantum theory of collision 
processes, Fortschr, Physik, 1959. 

Scent gland 

A specialized skin gland of the tubuloalveolar or 
acinous variety found in many mammals. These 
glands produce substances havinf;^ peculiar odors. 
In some instances they are large; Hn others small. 
Examples of large glands are the civet gland in the 
civet cat, the musk gland in the musk deer, and the 
castoreum gland in the beaver. The civet gland is 
an anal gland, whereas the musk and castoreum are 
preputial. Examples of small scent glands are the 
preputial or Tyson’s glands in the human male 
which secrete the smegma, and the vulval glands in 
the female. The secretions in all of the above 
glands are sebaceous. 

Many other vertebrates have glands whose se- 
cretions give off various types of odors. The mucus- 
secreting skin glands of fishes produce their fishy 
odor. Amphibia have glands which emit pungent, 
sweetish, or onionlike odors. Many iirodeles have 
specialized courtship or hedonic glands. These 
amphibian glands ^ are mucus-secreting. Scent 
glands are protective devices for many animals; in 
some species they serve to attract members of the 
same species or the opposite sex. The femoral 
glands on the inner aspect of the upper region of 
the hindlimbs of male lizards are specialized seba- 
ceous glands associated with copulation. They give 
off a musty odor. The uropygial or preen glands 
opening upon the upper tail surface of birds pro- 
duce an odorous, oily material used to waterproof 
feathers. See Epithelium; Gland; Uropygial 

GLAND. [o. E. NELSEN] 

Scheelite 

A mineral consisting of calcium tungstate, 
CaW 04 . Scheelite occurs in colorless to white, 
tetragonal crystals; it may also be massive and 
granular. Its fracture is uneven. Its luster is vitre- 
ous to adamantine. Scheelite has a hardness of 
4.5-5, and a specific gravity of 6.1. Its streak is 
white. The mineral is transparent and fluoresces 
bright bluish-white under ultraviolet light. 

Scheelite may contain small amounts of molyb- 
denum. It is an important tungsten mineral and 
occurs principally in contact metamorphosed de- 
posits (known as tactite) associated with garnet, 
diopside, tremolite, epidote, wollastonite, sphene, 
molybdenite, and fluorite, with minor amounts of 
pyrite and chalcopyrite. It also occurs in small 
amounts in vein deposits. The most important 
scheelite deposit in the United States is near Mill 
Gty, Nevada. See Tungsten. [e. c. t. cxt$ki] 
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Schematic drawing r 

Concise, grapMcal symbolism whereby the engi. 
neer communicates to others the functional rela- 1 
tionship of the parts in a component and, in turn, i 
of the components in a system. The symbols do not ' 
attempt to describe in complete detail the char- * 
acteristics or physical form of the elements, but 
they do suggest the functional form which the en- i 
semble of elements will take in satisfying the funr- | 
tional requirements of the component. They are 
different from a block diagram in that schematics 
describe more specifically the physical process by 
which the functional specifications of a block 
diagram are satisfied. Rather than expressing a 
mathematical relationship between, for example, 
an input and an output variable as in a block dia- 
gram, a schematic illustrates the physical prin- 
ciples and techniques by which the mn thomatical 
requirements of the element are realized. For 
instance, the schematic indicates whether electri- 
cal, hydraulic, mechanical or pneumatic techniques 
are employed, and suitable symbols indicate the 
appropriate elements, such as batteries, resistors, 
valves, gearing, vacuum tulies, and motors 
Electrical schematic. An electrical S( hematic is 
a functional schematic which defines the inter- 
relationship of the electrical elements in a circuit, 
equipment, or system. The symbols describing the 
electrical elements are stylized, simplified, and 
standardized to the point of universal acceptance 
(Fig 1). The simple nature of the element symbol 
makes possible reporting in a small area the inter- 
relationship of the electrical elements m complex 
systems. This has the double advantage of economy 
of space and an increased facility of understanding. 




Fig. 2. AAechonicol schematic of torpedo depth-con- 
trol mechanism. 
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because one experienced in the symbolism can 
easily follow the various functional paths in the 
electrical schematic. The tracing of a signal path 
through an electrical schematic is considerably 
enhanced by the existence of more or less accepted 
rules with regard to the arrangement of the sym- 
bols and of the interconnections between the sym- 
bols, all contrived so as to make more lucid the 
functional interrelationship of the elements. 

Mechanical schematic. A mechanical schematic 
is also a functional schematic. The graphical de- 
scription of elements of a mechanical system are 
more complex and more intimately interrelated 
than the symbolism of an electrical system and so 
the graphical characterizations arc not nearlv as 
well standardized or simplified (Fig. 2). However, 
a mechanical schematic illustrates such features as 
components, and viscous damping devices. The 
symbols are arranged in such a manner and with 
such simplification as to economize on space and to 
facilitate an understanding of the functional inter- 
relationship of the components in the system. See 
Engineering drawing. [r. w. mann] 

Schiff base 

One of a class of organic compounds represented 
by the general formula RCH — N — R', where R and 
R' arc aliphatic or aromatic hydrocarbon substit- 
uents. Tlic term Schiff base usually refers to such a 
compound in which R and R' are aromatic, but in 
a broader sense, it encompasses all substances hav- 
ing this particular .structure. 

Schiff bases are obtained by the condensation re- 
action of an aldehyde and a jirimary amine with 
concurrent loss of water. The aromatic Schiff bases, 
and many of the aliphatic-aromatic type, can be 
prepared simply by mixing and warming effuimolar 
amounts of ihe aldehyde and the amine. They are 
stable tow aid alkali hut are easily cleaved by acids 
to gi\e the parent compounds. .Schiff bases also 
can be prepared from aliphatic aldehydes and 
aliphatic amines; however, the.se bases frequently 
undergo further reaction to give compounds of 
higher molecular weight. 

Schiff bases have been used to characterize alde- 
hydes and primary aromatic amine.s since they are 
stable crystalline compounds with definite melting 
points. Schiff bases are converted to secondary 
amines by catalytic hydrogenation, and they also 
have served as intermediates in the preparation of 
many other organic products. Certain compounds 
of this structure find use as dyes, as seque.stering 
agents, and as accelerators in the vulcanization of 
rubber. See Aldehyde ; Amine; Condensation 
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Schist 

A large group of rocks which by deformation dur- 
ing regional metamorphi.^m have acquired a schis- 
tosity, that is, they show a more or less perfect 
cleavage along which they easily split up in flaggy 
slabs. There are orthoschists derived from igneous 
rocks and paraschists derived from sedimentary 


rocks. Crystalline schist is a common designation 
for all rocks which have recrystallized during re- 
gional metamorphism. See Metamorphism. 

Composition. The chemical composition of a 
schist is similar to that of most silicate rocks, but 
mlneralogically all schists have one feature in com- 
mon, namely, that one or more of the major mineral 
constituents are flaky or fibrous (having the crystal 
Htructure of phyllosilicates or inosilicates). These 
minerals are arranged as flakes parallel to the 
schistosity planes or as subparallel fibers in the 
schistosity planes, thus emphasizing the schistosity 
or inducing a linear element in addition to the 
schistosity. With increase of feldspar and quartz 
and decrease of schist-forming minerahn, the schists 
pass into the less schistose and more irregular 
foliated gneisses. See Gneiss; Silicate minerals. 

Development of schistosity. The metamorphism 
of the rocks has a direct relation to the orogenic 
movements in the mountain ranges. At great depths 
differential movements have taken place by which 
the constituent minerals of the rocks have acquired 
a certain sfiatial arrangement. If this arrangement 
results in the alignment of flaky, prismatic, or 
fibrous crystals, a schistose structure is produced. 
It may he plaly or linear. The preferred mineral 
orientation is either according to the external 
cry.sral form (Formregelung) or according lo the 
crystal structure (Gitterregelung) ; for explana- 
tion see Mktamorphic rocks. Rocks that show 
any kind of preferred miqeral orientation are called 
tectonites by B. .Sander.4fowever, not all tectonites 
are truly schisiu.se. The following differential move- 
ments will cau.se preferred mineral orientation. 

Laminar gliding. Laminar gliding is similar to 
the relative displacement of the leaves of a paper- 
hound book which is bent or folded. Laminar glid- 
ing is caused by shearing stress. The flaky minerals 
align on the shear planes, hut even the atomic 
structure of crystals may he shorn and will then 
slip: that is, a whole layer of ions parallel to so- 
called glide planes or glide lines in the structure 
will be displaced relative lo the lest of the crystal. 
Atoms, therefore, mt)ve in one preferred direction, 
resulting in a transport along the greatest stress 
component. The mechanism is a type of directed 
self-diffusion and results in creep in this direction. 
Slip and creep are therefore factors in gliding. 

Homogeneous irrotational strain. When flattened 
by homogeneous irrotational strain (analogous 
to the flattening of a ball of dough to a cake), the 
fibrous and flaky minerals are arranged perpen- 
dicularly to ihe pressure. Flattening is probably of 
great importance by deformations related to verti- 
cal or .steeply inclined schistosity planes, whereas 
laminar gliding is more important in thrusts and 
other shearing movements in the nappes of the 
mountain ranges. Usually neither type of move- 
ment occurs alone, but always in various, often 
complicated, combinations. 

In mechanically sheared rocks the individual 
crystals are deformed ; this is called fracture cleav* ^ 
age which may pass into flow cleavage. However^ 



rerrystallization and blastesis of prefened minerals 
during the shearing results in iindeformed crystals^ 
and the rock then shows crystallization cleavage! 
The deformation may he paracrystalline, postcrys- 
talline, or precrystalline. See Cleavage, rock; 
Peirofabric analysis; Slate; see also Amphib- 
olitf; Flasi r rock; Mica schist; Phyllite. 

[t. r. w. barih] 

Schistosityp rock 

The property of certain rocks to split somewhat 
irregularly into leaflike fragments having approxi- 
mately parallel, slightly wa\y. planar surfaces 
Rocks having schistosity are characteii/ed by a 
roughly parallel arrangement of micaceous and 
prismatic minerals and by a prefeired oiientation 
of the ionic lattices of nonmicaceous, eqiiidimen- 
sional mineials, such quart/ and feldspar. Schis- 
tosity occiiis in gneisses and in schists. The capac- 
itv to split along surfaces of schistosity, which is 
characteristic of schists and gneisses, is apparently 
connected with the preferred orientation of the 
mineral < onstituenls of the ro< ks See Pi irof miric 
ANAIYSIS. |r R KNOPI | 

Schistosomiasis 

A disea<>e in which man i, parasitized by any of 
thice species of blood flukes: S( htstosomn ntansorn, 
S haematobium^ and .S jnponiritm Adult S man 
soni prefer the veins of the hemoiihoidal plexus, 
S haematobium those of the vesital plexus, and 
S japonirum those of the small intestine In con- 
trast to other trematodes, the sexes are separate; 
that is, male and female icprodiu tive s\ stems oc- 
( 111 in individual worms. The disease is also known 
as bilhaiziasis .See Digi ni a. 

The approximate dimensions of the egg and 
male and female adult in each of the thiee species 
aie shown in the table. 

Dimensions of human blood fluke 


\diilt 


Spories 

Kkk* m 

LonRlli, 

<ni 

Diametei , 
mm 

^ mansoni 

150 X 65 

female 1-1 5 
male 2 

0 25 

1 

S haematobium 

150 X 60 

female 1-1 5 
male 2 

0 25 

1 

S japonicum 

80X65 

female 1 -2 
male 1-2 5 

0 25 

1 


Distribution. S. mansoni is found in Africa, Bra- 
zil* Venezuela, Dutch Guiana, Lesser Antilles, and 
Puerto Rico. S. haematobium^ originally found in 
Africa, the Near East, and Mediterranean basin, 
ws introduced into India during World War II. 
-S. japonicum is widely spread in Eastern Asia and 
the Southwest Pacific; however, in Formosa it in- 
fects only animals, not man. 

BioloiQf. Embryonated eggs passed in feces or 
urine hatch in fresh water into miracidia. The 
ciliated miracidium penetrates into specific gastro- 
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pods or snails. There the miracidium is transformed 
into a mother sporocyst which gives rise by pac- 
dogenesis, or sexual reproduction by larval stages, 
to several hundred daughter sporocysts {see Pae- 
pocFNFsis). These move away to settle elsewhere 
in the snail and give rise to several thousand cer- 
cariae. The larval cycle lasts for about one month. 
The cercaria emerges from the mollusk, swims in 
the water for up to 48 hours, and penetrates the 
skin of the final host upon coming in contact with 
it. After a phase of growth in tlie lungs, tbe schisto- 
soniule moves to the intrahepatic veins for further 
development. Then it moves to its final habitat. 

mansoni lives m the inferior mesenteric vein of 
the lower bowel, S. haematobium in the blood ves- 
sels of the bladder, and .S. japonuum in the supe- 
rior mesenteric vein of the small intestine. Eggs 
may start to appear within two months after ex- 
posiiie. The adult may live for many years. 

Epidemiology. As an intei mediate host, 5. man- 
soni uses planorbid snails of the genus Taphius^* 
S haematobium the genera Rulinus and Physopsis^ 
and 5. japomrum the operciilate amphibian On- 
€home1ania, 5. mansoni is essentially a human 
paiasite Monkeys may ait as natural reservoirs in 
Africa and a lat (Rattus rattus frigivorous) in 
Brazil S. haematobium has no reservoirs, while 
S, japonicum possesses many. Various animals may 
be infei ted in the laboiatorv with the three species. 

Sihistocomidsis is an agricultural hazard for all 
ages in ii rigated lands or swamps Elsewhere fluvial 
waters are the main source of infection, in which 
lase imidence is maiked in human beings who are 
le^n than H years old and is higher amonir boys 
than among girls. 

Pathognomy. The pathogenesis of schisto- 
somiasi is presented in the following sections. 

Ptepi tent period. The pen‘*tration of the cer- 
cariae may or may not produce skin irritation. 
Hea\> initial exposures result in inflammatory dis- 
ease of the skin (iirtiraria), toxic symptoms, an 
increase in tbe size of the liver and spleen, and 
eosinophilia befoic egg laying starts. 

Pater t period, S, mansoni may lay 350 eggs daily, 
.S japonu utn -iOOO About 10% reach the feces, the 
^esi remain imprisoned in tissues, particularly liver 
and intestine or urinary bladder, where they pro- 
voke fibrolie reaction. Egg extrusion may result in 
dysentery or hematuria over a protracted period. 
Liver and spleen enlarge and the lungs may be- 
come involved. 

Postpatent period. The fibrotic changes may re- 
sult eventually in absence of eggs from dejecta. 
The changes interfere with intestinal, hepatic, and 
bladder functions with serious consequences. Liver 
fibrosis leads to splenomegaly and esophageal vari- 
ces. Death may occur from profuse hematemesis. 
Lung fibrosis may cause cardiac failure. 

Diagnosis. Diagnostic rectal biopsy, complement- 
fixation, and intradcrmal tests are used for all 
stages; fecal examination is positive during the 
patent period. See Complement-fixation test, 

TrMtmont. Medication is difllcfilt and dangerous. 
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Epidemiology of the schistosomiases. (T. T Maekie, 
G W. Hunter, and C B Worth, A Manual of Tropical 
Medicine, 2d ed , Saunders, 1954) 

parliruldrly in «5evere infection*? Trivalent anti- 
mony, cither intramuscular (Fiiadin) or intrave- 
nous (tartar emetu), or liicantlume hvdiochlo- 
ride (Miraril D) by mouth, is used as a <hemo- 
tberapeiitic agent. The last is specific for 5 
haematobium. f J. i . mai noN ado! 

Schistostegiales 

An order of mosses composed of one monogeneric 
family and one species. The species grows in loose 
mats on sandstone in crevices and caves, on gran- 
ite, on limestone slopes of old cpiarnes, and in 
rabbit burrows, mine shafts, and damp cellars. 
This moss attracts special attention because of the 
luminous protonema. See Bioluminfscfncf. 

The plants are small (about 5-12 mm high), 
slender, and glaucous; they are green when young 
and turn reddish-brown with age. The stems are of 
two kinds, both very delicate, and the> arise from a 
persistent protonema. The sterile stems bear two 
rows of leaves (distichous) with their bases con- 
fluent, thus resembling fronds of miniature ferns. 
Fertile plants are similar to sterile plants except 
for the leaves, which are either smaller or lacking 
up to the terminal cluster from which the sporo- 
phyte arises. The leaves are small, oblong, and 
ecostate The leaf cells are large (up to 100 p. long 
and 25 p wide), rhomboidal, and thin-walled. The 


conical calyptra is small. The sporophyte is acro- 
carpous, with a minute subglobose gymnostomous 
capsule on a very slender, erect seta. The opercu- 
lum is flatly convex and is not known to split as 
indicated by the generic name. 

A golden-green glow is evident in the darkness 
of its habitat because of the protonema which, 
E. V. Watson wrote, resembles a “plate of almost 
lens-shaped cells.” The convex outer walls enable 
these cells to function as light traps. The green 
sheen that is produced depends on this fact and on 
the position of the chloroplasts which are clustered 
against the “back” wall of each cell. See Musci. 

fW. H. WfLCH] 

Schizocoela 

This group includes the animal phyla Bryozoa, 
Brachiopoda, Phoronida, Sipunculoidea, Echiuroi- 
dea. Priapuloidea, Mollusc a, Annelida, and Arthro- 
poda. Schizocoelous refers to the manner of forma- 
tion of the coelom or bodv cavity during develop- 
ment by Its appearance as a space in the embryonic 
mesoderms. This contrasts with the method of deri- 
vation of the coelom in the Enterocoela, where it 
forms as pouches from the early embryonic gut. See 
FVTfROrOFTA. [t I SrORFR] 

Schizogoniales 

A small, unique order of the Chloiophyta con- 
taining algae that are submicroscopic filaments or 
macroscopic ribbons and sheets a few centimeters 
wide (see illustration). They are attached by 
rhizoids to rocks in salt or fresh water. They usu- 
ally Of c ur in alpine streams, on highly nitrogenous 
soil, oi on bones, especially in the Arctic. There is 
one stellate chloroplast and a central pyrenoid in 
subrec tangular cells which in Prasiola are often 
grouped in fours 

Young plants which are at first filamentous be- 
come ribbcnlike and then expanded in two planes 
as d result of c'ell division. Schizogomum persists 
as a filament of one or a few cells in width. 



Prasiola sp. (a) Ribbonlike thoilui; (b) iheetlike thob 
ius; (c) cell arrangement; (d) cells with stellate chlofo- 
plasts. (e) Schizogonium, uniseriate filoment. 



Prasiola becomes leafy or peltate, whereas cell 
division in three planes produces a solid cylinder 
as in Gayella. 

Reproduction takes place by fragmentation or by 
akinetes. Sometimes akinetes are dormant and then 
germinate to form several aplano&pores. There are 
no zoospores or gametes. See Chlorophyi a. 

[g. W. PRFSCOTl] 

Schizogregarinida 

An order of the subclass Cregarinidia in the class 
Telnsporidea. These protozoans are found as para- 
sites of various invertebrates such as insects and 
annelids. On rare occasions, they have been re- 
ported as parasites from tunicates. They arc 



diMingtiished from the other subclass, the Eugreg- 
diinida, in that both sexual and abexual reproduc- 
linii (Hciirs during the life cycle Merogonv mav be 
intracellular or occur in a body cavitv. Ophrro 
nstis mesnili (see illustration), which is an Uu 
(isiiallv small gregaiine, occurs in the Malpighian 
iiibulcs of Tenehrio rnohtor, the meal worm Sec 
(fRI C,SK1MI)M. [l K. LOCKIR] 

Schizomycetes 

\ class of the division Protophyta. which contains 
llie bacteria. However the name Sc hi/omyceles, 
meaning “fission fungi,” is a misnomei reflecting 
the early belief that liacteria and fungi are closely 
lelated. Actually, the bacteria have no close lela- 
ti\es othei than the blue-green algae, togc'lher with 
^hich they share a primitive t>pe of cell construe-^ 
tion called procaryotic. The fungi, protozoa, and al- 
gae, on the other hand, have a complex type of ccdl 
construction called eucaryotic, which is identical 
to that of true plant and animal cells. See FuNCri; 
Ml( ROORGAMSMS. 

Modes of reproduction. Binary fission is the 
mode of reproduction found in all the known 
bacteria except those of the order Hvphomicro- 
biales, which produce a tubular outgrowth from 
the cell and form a new cell at the tip, and of the 
genua Blastocavlis in which terminal buds arc 
produced. In addition to simple binary fission, 
^ome bacteria reproduce asexually by the produc- 
tion of conidialike bodies as in the genus Strepto- 
fnyres and related genera. Others also have a 
t^yclic development in which spherical bodies alter- 
nste with rod-shaped forms, for example, in the 
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genera Spirillum and Arthrobacter and in the fruit- 
ing Myxobacterales. 

A true nucleus is absent but chromatinic ma- 
terial characteristic of nuclei has been shown in 
many bacteria. It divides when the cell divides. 
No «exual organs are produced, but recent studies 
indicdte that genetic particles can be transferred 
from one cell to another. See Bacterial genetics. 

Photosynthetic pigments. Photosvnthetic pig- 
ments do occur in some bacteria, the family Athi- 
orhodaceae, the family Thiorhodaceae. and the 
genus Rhodomicrobium, The chemical composition 
and the light-absorbing characters are different 
from tho'^e of the plant chlorophylls. 

Morphology. Most of the Schizomycetes have a 
division of the cell into a cell wall and cytoplasm. 
The cell wall is, in most cells, quite rigid and can 
be easily separated from the cytoplasm. It gives 
the cells their chat act eristic shape — spherical, rod- 
shaped, or spiral. In others it is barely differenti- 
ated from the cytoplasm and is very flexible, as fn 
the orders Myxobacterales and Spirochaetales. 
Only in the older Mycoplasmatales does a cell wall 
appear to be completely lacking. 

Both unicellular and multicellular organisms 
occur. The latter are confined mainly to the orders 
Caryophanales and Beggiatuales. In both, cells 
are usual I v longitudinally compressed and are 
joined for the greater part of their width. 

The Schizomycetes are rarely more than 2 mi- 
crons (ju ) wide or more than 10 /z long. A few, like 
Beggiatoa, may be 70 80 /x wide and several 
hundied microns long. 

Cells occur singly, in clusters, in chains, or in 
branched filaments They are usually free, but in 
some, the order Chlamydobacterales and some 
genera in the order Beggiatoales, they are found 
in a tubular sheath anchored to a surface by means 
of a holdfast or simply attached by a stalk as in the 
genus Caulobacter (order Pseiidomonadales) and 
the genus Blastorauhs (order Hyphomicrobiales). 

Motility. Many Schizomycetes are nonmotile. 
The motility in others may be due to flagella, to a 
nonfla^«*Pated gliding movement along solid sur- 
faces as in the order Myxobacterales, or to a 
sinuous flexing movement as in the order Spiro- 
chaetales. The latter have one or more very fine 
fibrils wound around the main body of the cell. The 
fibrils are responsible for the spiral shape and for 
the flexing movement. Flagella usually consist of 
simple fibrils inserted at the poles as in the order 
Pseudomonadales, or around the cells as in the 
order Eubacteriales. .See Bacterial motility. ' 

MMabolism. The photosynthetic bacteria obtain 
energy from sunlight. The rest obtain their food 
and energy from simple inorganic substances 
(autotrophs) or from organic materials (hetero- 
trophs). 5ee Bacterial metabolism. 

Taxonomy. The class is divided into 10 orders. 

1. Pseudomonadales— small rod-to-spiral*shaped 
organisms with rigid cell walls and polar flagella 
and a mode of nutrition usually depe^ent on free 
oxygen. 
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2. CMamydobacterialefi — ^rnd-shaped and spheri* 
cal organisms occurring in chains within tubular 
sheaths. 

3. Hyphomicrobiales — ^in which new cells are 
produced on the ends of fine tubular outgrowths 
from existing cells. 

4 Eubacteriales — simple rod-shaped or spheri- 
cal cells with rigid cell walls and peritrichous 
flagella and a mode of nutrition which is usually 
not dependent on oxygen. 

5. Actinomycetales — gram-positive filamentous 
branching bacteria which reproduce by production 
of conidialike bodies or by fragmentation of the 
branching filaments. 

6. Carvophanales — multicellular rod-shaped bac- 
teria with peritrichous flagella. 

7. Beggiatoales — usually multicellular, rod- 
shaped bacteria without flagella, which are capable 
of gliding on solid sui faces. 

8. Myxobacterales — slime bacteria which are 
very flexible, glide on solid surfaces without 
flagella, and usually produce resting cells in char- 
acteristic fruiting bodies. 

9. M\coplasniatales — ^very minute, highly plastic 
bacterid which may be either filamentous or sphcii- 
cal, the latter usually arising from the filamentous 
types by iragmentation. The width of the spheri- 
cal forms is larelv moie than 150 to 200 milli- 
microns. 

10. Spirochaetdles — ^very flexible, spiralU 
twisted organisms without a rigid cell wall and 
without flagella. The mechanism of motion is not 
clearly understood but in all cases so far examined 
one or more axial filaments are found wound 
spirally around the cell, being fixed only at or near 
the ends of the cell. 

See BAriiRfA, taxonomy or: see also separate 
articles on ear h order. [v u n. skirmanI 

Bibliography: I. C. Gunsalus and R. Y. .Stanier 
(eds.), The Bacteria, 5 \ols., 1%0^ 1%4; R. Y. 
Stanier. M. Doiidoroff, and E. A. Adelbeig, The 
Microbial World, 2d ed., 196.1. 

Schizophrenia 

A group of mental disorders which are character- 
ized b> witbdiawal from reality and by disturbances 
in thinking and feeling. It is also < ailed dementia 
praecox. In many cases it leads to disorganization 
of the personality, but not necessarily to mental 
deterioration. One of the outstanding symptoms of 
sc'hizophrenia is a lack of rapport and serious mis- 
judgment of reality processes. Certain types of 
schizophienics are refractory to influence and sug- 
gestion ; this behavior in its extreme form, is called 
negativism. 

The disorder occurs in at least one person in 200 
of the population, particularly in the younger age 
group. So-called childhood schizophrenia, in many 
cases, is probably an organic brain disease and is 
not comparable to the schizophrenias of adults and 
adolescents. American psychiatrists, particularly of 
the psychoanalytic school, use the schizophrenia 
concept more broadly than their European col- 


leagues. Schizophrenia, in the more narrow sense, 
was divided into the following subtypes by the 
German psychiatrist, E. Kraepelin: (1) hebephre- 
nia, a form occurring in adolescents and young 
adults, leading to early deterioration ; (2) paranoid 
schizophrenia, characterized by fantastic hallucina- 
tions and paranoid delusions; (3) catatonia, mani- 
festing itself in serious disturbances of volition and 
movements, with forms ranging from stupor to ex- 
treme excitement; and (4) a slow progressive de- 
terioration called dementia simplex, often com- 
bined with mental deficiency. These types are rarely 
pure, and often change from one into another. 

The main symptom of schizophrenia is a rather 
severe dissociation in thinking and feeling. The 
patients think and speak incoherently and il logi- 
cally. There is a blocking of the thinking process; 
ideas become very vague. Emotions become flat- 
tened, and also extremely ambivalent or contradic- 
tory at the same time. 

The etiology of schizophrenia is unknown. Many 
suspect that it is an organic illness, but so far no 
conclusive evidence for such an assumption has 
been produced. Onetic factors are considered of 
importance; identical twins show a much highc^r 
c*oncordance of illness than fiaternal twins E. Ki el- 
se limer linkf'd schi/ophrenid with the occurrence of 
leptosomic and athletic body tvpes Psychoanalysts 
have claimed that sclu/ophrenid is due to a faulty 
development of the early personality, and recently 
T. Lidz and others havf demonstrated pathological 
patterns of communication among most mtmibers of 
families with schizophrenic patients, such as severe 
symbolic distortions and faulty evaluations of self 
and others. 

The couise of schizophrenia is often progiessive, 
leading to a terminal state of deterioration; how- 
ever, there are many cases which do not reach such 
a terminal state and many even recover spontane- 
ously. The tendency to remission makes anv assess- 
ment of therapeutic c Idiins very difficult. 

Treatment of schizophrenia ie empirical. There 
have been attempts to help the patient overcome 
his isolation and withdrawn feelings by individual 
and group psychotherapy. A variety of techniques 
has been prescribed to achieve this. Such treatment 
may be carried out in an active hospital setting, al- 
though hospitalization for schizophrenia is often 
not necessary, and at times is not indicated. Or- 
ganic treatment for schizophrenia includes psycho- 
surgery, insulin coma treatment, and convulsive 
treatment. All of these methods are definitely in a 
waning stage. Today, treatment with tranquilizing 
drugs has become more important, but it does not 
have a specific effect on the schizophrenic process. 
The most effective treatment is skillful psycho- 
therapy, possibly in a combination with drug ther- 
apy. See Abnormal behavior; Psychopharmaco- 
Locic DRUGS; Psychosis; PsYrHosuRGEBY; Psy- 
chotherapy. [f. c. redlicu] 

Bibliography: J. R. Ewalt, E. A. Strecker, and 
F. G. Ebaugh, Practical Clinical Psychiatry, 8th 
cd., 1957, 



Schizophyceae 

A class, of the division Protophyta, which contains 
the hlue-green algae. According to the taxonomic 
system used hy most botanists, the Schizophyceae 
are known as Cyanophyta. They reproduce by sim- 
ple binary fission. They contain chlorophyll a, simi- 
lar to that in the common plants; but instead of be- 
ing confined to discrete plastids it is distributed 
throughout the peripheral portion of the cytoplasm 
of the cell, where it is confined to special units 
known as chromatophores or grana. The clear cen- 
tral body in the center of the cell represents the 
nucleus. See Chlorophyll; Profophyta. 



Anabaena, a schizophyte. 

In addition to chlorophyll a, the Schizophyceae 
contain a blue pigment, phycocyanin ; reddish caro- 
tenes and phycoerythrin ; and yellowish myxo- 
xanthin and m>xoxanthophy11. The blue and green 
pigments usually predominate, giving these algae 
their typical blue-green color. But the proportions 
in which the pigments are present may vary with 
the environmental conditions, especially the light- 
ing, and occasionally the red pigments may pre- 
dominate. The resulting change in the color of the 
ftlgae, first described by T. W. Engelmann and 
N. Gaidukov, is believed to have adaptive signifi- 
cance. 

The cell wall of the blue-green algae usually 
contains some cellulose and diaminopimelic acid. 
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There is no true nucleus; but chromatinic material 
forms the central body and divides with the cell. 
In the larger chain-forming algae, the central 
bodies of the successive cells may be connected. 

Motile species have no flagella or cilia or other 
appendages to aid their movement. Movement is 
thought to be due to the secretion of a gelatinous 
material which takes up water and swells. The 
long chain-forming species rotate as they move. 

Spherical, rod-shaped, and spiral forms, for ex- 
ample Spirulinay have been described. They some- 
times occur as single cells, as in ChroococcuSy or 
in definite families of cells (not a tissue) joined 
together by a gelatinous envelope, as in Aphano- 
thecey or in long chains as in Osdllatoria and 
inabaena. 

The chain-forming species often have different 
types of cells in the chain -clear heterocysts and 
opaque akinetes. These arc special types of cells 
formed to protect the algae under adverse condi- 
tions The long chains often separate into smaller 
units known as hormogonia. 

The blue-green algae are common in still waters 

both fresh and salt — and on the surface of rocks 
and in damp soil. .See Cyanophyta. [v.b.d.s 1 

Schlieren photography 

An optical technique that detects density gradients 
occurring in a gas flow. The schlieren system is 
used particularly in supersonic wind tunnels be- 
cause It clearly shows the density gradients created 
by the shock and expansion waves of the airflow 
around the wind tunnel model. A simple schlieren 
system operates as illustrated in the figure. A 
source of light is shielded so that only a small 
rectangular slit emits light. A lens is placed at its 
focal ctistance from the slit so that the light is bent 
into a parallel beam. A second lens collects the 
parallel beam into an image of the slit and forms 
an inverted image on the screen or photographic 
plate. If a knife-edge is moved into the light stream 
near the slit image, the image at the screen darkens 
uniformly. Consider the system just described to 
be oricrn^d so that the parallel light beam crosses 
a wind tunnel section. A light ray a, bent from the 
f parallel path by density gradients in the teat sec- 
tion, cannot be brought to focus at the slit image 
and is interrupted by the knife-edge so that a dark 
spot occurs at of on the screen. Light ray by de- 
flected the opposite way by a different density 
gradient, escapes the knife-edge and appears as a 
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light spot at h' on the screen. Thus a picture of the 
density gradients appears on the screen. Sometimes 
light intensity chaits can be correlated with nu- 
merical values of the density gradients. However* 
numerical values of density can be obtained only 
from schlieren pictures of airflow about two-dimen- 
sional models or about simple axis 3 rmmetric models. 

For high-speed photographs (300(MO00 frames 
per second) of unsteady flows* dc light sources are 
used. Microsecond flash durations from high-inten- 
sity gas sources are used in the study of turbu- 
lences. To better study specific regions of a flow 
pattern* the knife-edge is rotated to different posi- 
tions and moved up, down* left* or right. For sharp 
images at the center of a test section* a multiple- 
slot or focusing schlieren system is used. See 
Shock- WAVE display; Wind tunnel instrumen- 
tation. [d.p.an.1 

Schmidt camera 

An optical system consisting of a spherical mirror 
with a corrector plate near its focus. Cameras of 
the Schmidt type are of great value in direct 
astronomical photography and also as parts of 
spectroscopes. 

The corrector plate is a figured plate with one 
plane surface, its second surface being an almost 
plane aspheric with a figure such that the aperture 
aberration of the mirror is balanced as shown in 
the illustration. The curvature of the plate at the 
axis is zero. See Spherical and aspheric surfaces, 

OPTICAL. 



Original Schmidt camera with irregular corrector plate. 
C, center of curvature; F, focal point of mirror. 


The Schmidt camera is a catadioptric system 
which is free from aperture aberration, asymmetry, 
and chromatic aberrations. It can therefore be 
used at the very large aperture of //2.0 or more. 
The image, although sharp, has curvature of field, 
but the field can be flattened by adding a second 
mirror to produce what could be called a Schmidt- 
Cassegrain system. 

A Newtonian type of mirror with an additional 
concentric lens in place of the irregular corrector 
plate was suggested at about the same time (1941) 
in four different countries. In 1944 a proposal was 
made to replace the concentric lens by a meniscus 
lens free from color aberrations. 

The Cassegrain type of mirror has also been 
used in combination with an additional, more or 


less afocal system, in order to increase the aperture 
and correct the monochromatic errors of the mir- 
ror* without introducing large color aberrations. 
Additional systems, which are quite complex, have 
been used. 

The Cassegrain type of Schmidt camera has the 
disadvantage of considerable vignetting, and thus 
of a very small field. It requires careful baffling 
besides to prevent undesirable light called flare 
light from going through the instrument Fre- 
quently the Cassegrain 'mirrors are oriented 90^ 
with respect to each other by means of a prism or a 
mirror. 

The success of the Schmidt camera, which at 
first was used mostly for telescopes, has led to 
numerous designs of catadioptric systems for other 
purposes. 

The application of such systems is very success- 
ful in microscope optics, where large aperture and 
freedom from color aberrations combined with a 
small field are needed. Most microscopic work in 
the ultraviolet is now done with catadioptric sys- 
tems (see Microscope, optical). Catadioptric sys- 
tems have also been designed for use as camera 
lenses, especially when a great focal length is re- 
quired. 

The disadvantage of catadioptric systems is that 
the mirrors and lenses are in one another's way, 
thus vignetting the center of the aperture. The 
diffraction effect connected with this cutting out of 
the central part of th# beam may jeopardize the 
recognition of very fine detail in the object. See 
Astronomical photography; Telescope, astro- 
nomical. [m.h.] 

Bibliography: H. F. Bennett, U.S. Patent 2,571,- 
657, 1945; A. Bouwers, Achievements in Optics^ 2d 
ed., 1950; C. Caratheodory, Elementare Theorie 
des Spiegelteleskops, 1940; Handbuch der Wissen- 
schaftlichen und Angewandten Photographies 
1:191-199, 1955; D. D. Maksutov, /. Opt. Soc. Am., 
34(5) :270-284, 1944; B. Schmidt, JIfitt. Ham- 
burger Sternwarte, 1932. 

Schottky effect 

The enhancement of the thennionic emisaion of a 
conductor resulting from an electric field at the 
conductor surface. Since the thermionic emission 
current is given by the Richardson formula, an in* 
crease in the current at a given temperature implies 
a reduction in the work function ^ of the emitter. 
See Thermionic emission; Work function (elec* 

TRONIC). 

With reference to Fig. 1 let the vacuum level 
represent the energy of an electron at rest in free 
space and let CD to the energy of a conduction 
electron at rest in a metal. If an electron ap* 
proaches the metal surface from infinity, its poten* 
dal energy V relative to the vacuum level is given 
by the well-known image potmtial V (x) <■ — e*/4E 
where x is the distance from the surface and e * 
1.6 X 10~^* coulomb is the electron's charge. The 
image potential is valid only for x> xtt, where xo 1* 
of the order of the distanee between neighboriiif 


Schuler pmdiiluiii M 


atoms in the metal; that is, xo is a few angstroms. 
In the absence of an applied field, CAB then repre- 
sents the potential energy of an electron as a func- 
tion of X. AB corresponds to the image potential; 
the exact shape of the curve between C and A is un- 
certain. 

Suppose now a constant field F is applied exter- 
nally between the surface of the emitting cathode 
and an anode; this produces a potential energ> of 
an electron of — cFx (line PQ in Fig. 1), and hence 
the total potential energy of an electron for x> xo 
is given by 

V{x) « -(eV4x) ^eFx 

indicated by the dashed line CAQ in Fig 1. This 
function has a maximum for 

X = - (1/2) (c/f)V2 



the maximum lies below the vacuum level by an 
amount 

A0 = V(x„,) * 

where Sff> represents the reduction in the work 
function of the metal. For F = 1000 volt /cm, Xm ^ 
10 cm and 10 - electron volt; the actual 

( hange in the work function is thus small If a field 
IS present, the work function 0 in the Richardson 
formula should be replaced by (0 — A0) Hence, 
the current increases by a factor 

expl(e/kr)(cf)V2] 

\(tording to this interpretation a plot of the 
logaiithm of the current versus the square root of 
the anode voltage should yield a straight line An 
example is given in Fig. 2 for tungsten; the devia- 
tion from the straight line for low anode voltages is 
due to space-charge effects (see Spa(l (HAKgf). 
The stiaight portion of the line (the Schottky line) 
(onfirms the intei pretation : the true saturation cur- 
rent for zero field is obtained by extrapolation of 
the Schottky line as indicated. Detailed studies 
have shown extremely small periodic deviations 


k 



^*9 1 . Illuttrating the surface potential barrier and 
♦he Schottky effect; the lowering of the work function 
is highly exoggeroted. 


Fig. 2. The logarithm of the thermionic emission cur- 
rent / of tungsten os o function of the square root of 
the anode voltage F (After W. 8. Nottingham, Phys^ 
Rev., 58:927^928, 1940) 

with reference to the Schottky line; these devia- 
tions are interpreted on the basis of the wave-me- 
chanical theory describing the motion of electrons 
across the image potential bainer shown in Fig. 1. 

rA.J.DE.] 

Schrodinger’s wave equation 

The differential equation of quantum mechanics 
(first proposed by Etwin Sthrodinger in 1926) 
whose solution determines the average result, also 
teimcd expectation value, of every conceivable ex- 
periment on the physical system under examina- 
tion When solved, the Sc hrodinger equation yielda 
the wa^ function ; from the wave function, expec- 
tation V ilues are computed. The designation wave 
equation comes from its resemblance to those dif- 
ferential equations describing acoustic and elec- 
tromagnetic waves (5ce Wave equation; Wave 
MOTION ) . Also, its consequences and mode of deri- 
vation are consistent with the tenet that electrons 
and otlei oarticulate constituents of matter have 
wavelike properties. See Quantum mechanics; 
Quantum theory, nonrelativistic. [E.G.i 

Schuler pendulum 

Any apparatus which ■'wings, because of gravity, 
with a natural period of 84 minutes, that is, with 
the same period as a hypothetical simple pendulum 
whose length is the Earth’s radius. In 1923 Max 
Schuler showed that such an apparatus has the 
unique property that the pendulum arm will remain 
veitical despite any motions of its pivot. It is, 
therefore, useful as a base for navigational instru> 
ments. Schuler also showed how gyroscopes ran he 
u<«d to increase the period of a physical pendulum 
to the desired 84 min. 

Gyrocompasses employ the Schuler principle to 
avoid errors due to ship accelerations. More re> 
cently the principle has become the foundatioa of 
die science of inertial navigation,' 
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Basic principla. The principle is most easily 
explained with the simple pendulum o{ Fig. 1. The 
period T for one complete swing of this device is 

T « iWT/g 

in which / is the length of the pendulum and g is 
the acceleration, due to gravity, of a freely falling 
object (32.2 ft/sec-). If length I could be made 
equal to the Earth’s radius A, as in Fig. 2, grav- 
ity would hold the bob fixed, and the pendulum 
arm would stay vertical for all motions of point P. 
If / equals R, the period becomes 84 min. 

While a pendulum of such length cannot be built, 
the same effect can be achieved using the solid 
pendulous rod of Fig. 3. Although only a few feet 
long, this pendulum can be given a period of 84 niin 
by placing the pivot close to the center of mass. 
(If the pivot were at the mass center, the period 
would be infinitely long: that is, the rod would re- 
main indefinitely in any position.) 

Figure 46 demonstrates that a Schuler- period 
pendulum will also stay locally vertical during ac- 
celerations of its pivot, just as the simple pendu- 



Fig. 1. Simple pendulum. 





Fig. 3. Pendulous rod. 


lum did in Fig. 2. The proof is by comparison. In 
Fig. 4ri the pivot is high, and the pendulum swings 
back from vertical when the pivot is acceleialed. 
In Fig. 4r the pivot is at the mass center and the 
pendulum does not swing at all, so that after travel- 
ing some distance around the Earth it is forward 
of the lo< a] vertical. In Fig. 46 the pivot is placed 
at I list the right point, so that whatevei the accel- 
eration of the pivot, the pendulum swings hack just 
enough to stay locally vertical. 

Unfortunately, for if 2-ft })endulum like that of 
Fig. 3 to have an 84-min period, the pivot must he 
placed only alwiiit 0.2 X 10 in. above the mass 
center, an ijnrc*alizable physical tolerance. 

Gyropendulum and gyrocompass. The period 
of a pendulous mass can be greatlv increased by 
attaching to it a rapidly spinning gyro wheel as, 
for example, in Fig. 5. Extra freedom, proyided hv 
the thrust healing in Fig. 5, is necessary to permit 
the gyroscopic action. 

The gyrocompass is a special pendulous gyro- 
scope that is sensitiye to Earth rotation. If the 
pendulous mass is m, the horizontal spin axis has a 
natural period of oscillation, about north, of 


T- 2ir 
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in which H is gyro momentum, A is latitude, and 
Q, is Earth rate (360®/day), Ship-borne gyro- 
compasses are rendered in.sen$itive to ship accel- 
erations by making f = 84 min. See Gyrocompass. 

Inertial guidance. The stable platform of an in- 
ertial guidance system is made to behave like a 
pendulum by the use of feedback from an acceler- 
ometer mounted on the platform. The accelerome- 
ter signal controls a restoring torque to the plat- 
form. 

The principle is demonstrated in Fig. 6. The ac- 
celerometer consists of a spring-restrained mass. If 
the platform tilts, gravity pulls the mass to one, 
side; the amount is measured electrically, inte- 
grated, and used to drive the platform motor. (Ac^ 
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tual inertial platforms are controlled by a gyro, 
which is processed at a rate by the integrator sig- 
nal.) 

The system of Fig. 6 behaves like the physical 
pendulum of Fig. 1. When either device is tilted 
from vertical, gravity produces a restoring action 
so that the device swings back and forth about the 
vertical. The period of swing is 27rvXT for the pen- 
dulum of Fig. 1, and 27ry/l/Kg for the platform of 
Fig. 6, where K is the loop gain from tilt angle to 
motor rate. The platform is accordingly given an 
84*min period by making K equal to l/R. 

If the platform of Fig. 6 is installed in a vehicle, 
and is once leveled, it will always remain locally 


occsleration 



(c) 

Fig. 4. Behavior of pendulous rod when accelerated 
about the Earth, (o) Short-period pendulous rod. (b) 
Schuler-period pendulous rod. (c) Nonpendulous rod. 



FIq- 5. (^ropendulum. 




Fig 6. Principle of the Schuler-tuned stable platform. 


level despite motions of the vehicle about the 
Earth. Then the signal from the acceleiometer will 
represent only yehicle acceleration, uncontami- 
nated by gravity, and can be used to determine ve- 
hnle position. See iNFuriAi g13||)AN(I> system. 

[r.h.c.1 

Sciatica 

Pam in th** lower extremiUes. hips, and back 
caused by irritation of the si iatic nerves. These 
paired neivea, the longest in the body, originate in 
the lower spinal cord and send fibers to the tipper 
thigh muscles and the joints, skin, and muscles of 
the le> The location of the specific pain and the 
causc« producing it aie quite varied See Pain, 
DlFl. 

.Sciatica ma> result from mechanical pressure on 
the nerves or their roots in the cord. Trauma, her- 
niated intervertebral disks, piegnancv, inflamma- 
tion, or tumors may cause compression. Toxic or 
metab di disorders, such as lead poisoning, alco- 
holism. and vitamin-B deficiency may induce sciatic 
pain by producing changes in the nerves. Inflamma- 
* tions. ^th local and systemic, may also cause tem- 
porary or permanent nerve injury. Certain viral 
diseases, syphilis, and local infections act in this 
manner. See Syphius; Virus; Vitamin. 

In addition, lesions in the anal region and the 
prostate may induce sciatica through reflex stimu- 
lation. Joint diseases, pelvic strain, and injury most 
often precipitate an atUck. The pain of sciatica 
may begin suddenly and violently or gradually, as 
a ". g ging discomfort. The pain is usually along the 
leg, with later extension to the thigh and back. 
Numbness of the outside of the foot may occur. 

A complete study of the patient is in order since 
so many possible causes exist. Treatment is di- 
rected toward removal of the inciting factors, if 
possible, and relief of the pain itself and the 
cramps of associated muscle spasms. [e.c.st.] 
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Science 

In common usage the word science is applied to a 
wide variety of disciplines or intellectual artivitiev 
which have certain features in common. Applica- 
tion of the term did not begin with any formal defi- 
nition; rather the various disciplines arose inde- 
pendently, each in response to some particular 
need. It was then observed that certain of these 
disciplines had enough traits in common to justify 
classifying them together as one of the sciences. Us- 
age is not, however, always unanimous as to whether 
some disciplines should be called sciences or not, 
and there is often lively controversy as to the pro- 
priety of speaking of the social or historical sci- 
ences. 

Usually a science is characterized by the possi- 
bility of making precise statements which are sus- 
ceptible of some sort of check or prool. This often 
implies that the situations with which the special 
science is concerned can be made to recur in order 
to submit themselves to check, although this is hy 
no means always the case. There are observational 
sciences such as astronomy or geology in which 
repetition of a situation at will is intrinsicallv im- 
possible, and the possible precision is limited to 
precision of description. There is also usually the 
implication that the subject matter of the individ- 
ual science is something in the world of phenomena. 
Thus it is not usual to speak of the ^‘science*’ of 
mathematics or (he '^scienc e'* of logic, even though 
both these disciplines are capable of the highest 
precision. 

A common method of classifying sciences is to 
refer to them as either exact sciences or descrip- 
tive sciences. Examples of the former are physics 
and, to a lesser degree, chemistry ; and of the latter, 
taxonomicai botany or zoology. The exact sciences 
are in general characterized by the possibility of 
exact measurement. Measurement is fundamentally 
description bv the use of numbers. Given the sys- 
tem of measurement and the measuring numbers 
for any special situation, that situation has been 
adequately described if it is possible to reconstruct 
a situation such that measurement on it gives the 
same numbers. Because mathematics opeiates to a 
large extent with numbers, systems subject to exact 
measurement are also susceptible of mathematical 
analysis; this susceptibility is one of the most im- 
portant characteristics of the exact sciences. One 
of the most important tasks of a descriptive science 
is to develop a method of description or classifica- 
tion that will permit precision of reference to the 
subject matter. See Physical science; Scientific 

METHODS. f P.W.B.] 

Scientific methods 

The methiKls employed in the various sciences are 
determined both by the general nature of the ob- 
jective in view and by the nature of the subject 
matter. A prerequisite to nearly every science is a 
suitable method of description of its subject mat- 
ter. The language of such description must be capa- 


ble of reproducing or recalling the subject matter 
with precision and uniqueness. If the description is 
of an object, there should be only one corresimnd- 
ing object, which it should be possible to reproduce 
or rec'onstruct from the description; or, given an 
object, it must be possible to check whether it does 
or does not satisfy the corresponding description. 
In many cases, the language of everyday usage 
does not have the precision to meet these require- 
ments, and many of the sciences have therefore 
developed their own specialized vocabulary to meet 
their special needs. This specialized vocabulary 
may involve the use of both new words ( which are 
often coined for the occasion or derived from Greek 
or Latin roots) and familiar words in s'onventional- 
ized and restricted meanings that avoid the ambi- 
guities of common usage and permit a unique des- 
ignation. The specialized languages of the various 
sciences also usually peimit statements to be made 
much more concisely than is possible with conven- 
tional language. 

Classification. To accompanv conciseness in de- 
scription. some method of svstemati/ing or c lassilv- 
ing the material to be described is usually adopted. 
Without such methods of classifying, pre<'ise de- 
scription in a subiect dealing with material as 
compile ated as that in anv of the biological h( i 
ences, for example, would he driven to the in- 
ordinate length of treating each individual exam 
pie as a class in itself. The economy of description 
that results from such things as, for example, the 
classification of plants into species on the basis of 
particular featiiies is obvious. Peiliaps classifica- 
tion or some other method of systematization is to 
be considered the most primitive, ubiquitous, and 
necessary of the methods of science 

It is an ideal of a good scheme of classification 
to be applicable without serious revision to new, 
presently unknown situations as they arise; the un- 
desirability of continually revising the scheme of 
classification with the discovery of every new fact 
requires no argument. Of course in a given epoch, 
while the new fact is still unknown, the presumptive 
extensibility of the scheme of classification can 
be judged only on a probability basis, in the light 
of past experience. The probability can be much 
enhanced hy some theoretical understanding of the 
matter subject to classification, and it seems to he 
true that no formal scheme of classification is likely 
to survive for any length of time before it is made 
the subject of theoretical speculation. Such theo- 
retical speculation serves the twofold purpose of 

(1) confirming the method of classification and 

(2) satisfying the demand of the scientist for un- 
derstanding. The latter is an almost universal attri- 
bute of scientific activity. 

If the description that the scientist achieves with 
the help of his scheme of classification and special- 
ized vocabulary is to be precise and correct, there 
must be some method, in any individual instance, 
of checking its truth. The necessity and possibility 
of checking for correctness or truth is one of the 
universal attributes of any scientific^ enterprise and 



one which, to a large extent, controls the possible 
methods and also the subject matter of the sciences. 

Repetition. One of the most potent methods of 
checking for correctness or truth is repetition. It is 
a matter of experience that there are permanent 
objects and situations which repeat. It is part of the 
task of a science to formulate the conditions under 
which a situation repeats. If a scientist can estab- 
lish the conditions necessary for repetition, he can 
verify a previous description or (tbservation by find- 
ing whether he now gels the same result as before. 
He thus guards against possible previous mistakes 
on his part and at the same time increases the pre- 
sumptive probability that he has correctiv stated 
the tonditions necessary for repetition. However, 
MMentists never achieve complete independence be- 
tween their observation and their formulation of 
the conditions of obseivation: alwavs some ele- 
ment of circularity remains. This seems to be an 
unavoiddble accompaniment of all human enter- 

ise. 

'Fhe need for checking bv repetition is so im- 
poitant that it drastically limits the natiite of the 
material deemed suitable. b\ common (onsent. foi 
s( lentific investigation. If a situation (aiinot be 
made to lepeat. it i^ commonlv regaided as of little 
or no scientific interest, and none of the usual sci- 
enfifn methods are appli(*able to it. It is for this 
leason that so small a part of human artistic or 
poetical activitv, for example, can be sublet ted to 
SI lentifK investigation. This is also the prtmar> 
reason whv there is so mueh unwillingness to grant 
loll snentifu status to KSP (exlrasensor> percep- 
tion ), although many of the d(‘tailed tools of th** 
hSP researiheis are used in other scientific activi- 
ties 

'Phe ptissibility of repetition implies the possi- 
bilitv of control, although such control mav be in 
th( realm <if the ideal rather than of the aetiial. 
\stionomv is regarded as a scientific ac'tiviiy. al- 
though man as vet has no control over the behavior 
of the heavenly bodies. Here the control is an ideal- 
ized one through man’s understanding of mechanics 
rnd physics. Neither need all the details of a situa- 
tion be c'ontrolled. In the situations contem|dated 
m wave mechanics, man has no detailed control, but 
onlv a statistical control over the average of certain 
pheiicimena. 

Consensus. Another method of checking or con- 
firming the c’orrcctncss of an observation oi report 

agreement between different observers. Here the 
niulfiplicity of obserrations by different persons 
^‘orresponds to the multiplicity of the repeated oc- 
r tirrence. The matter of consensus among different 
observers is regarded by many people as so impor- 
tant that it is often incorporated into the definition 
of science itself, which is sometimes partially de- 
fined as the consensus of qualified persons. It must 
be conceded that, when consensus is attainable, one 
niay have a high degree of confidence that he has 
not made an error because of some personal idio- 
^yncracy or inadvertence. But logically, it must be 
i^c'ognized that it is possible that everyone may be 
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mistaken, and as a matter of fact there have been 
instances where public opinion, even In a discipline 
seemingly so completely objective as mathematics, 
has been in error foi long intervals of time. Fur- 
thermore, there have apparently been examples of 
mass hypnosis. From the point of view of the in- 
dividual, consensus can be regarded only as a de- 
vice for increasing the probability of absence of 
error or as a device to obviate the necessity of de- 
tailed confirmation in every individual instance, 
thus making for economy of effort. 

As part of the same picture, acceptance of au- 
thority can never be tolerated as a method in any 
scientific enterprise. No report of experimental 
observation or theoietical deduction is scientifically 
acceptable unless made in such terms that it can 
be repeated and confirmed by any qualified in- 
dividual. 

There w'oiild appear to be no method, scientific or 
other, bv which the individual may be relieved of 
ultimate responsibility or may attain absolute cer- 
tainty. Neither does there appear to be any method 
bv which, in the last analysis, reference to the in- 
dividual case can be avoided, a fact which makes 
illiisorv the ostensible ideal of science to deal only 
with the universal, the general, and the repeatable. 
Complete logical rigor is as unattainable in science 
as in any other human activitv. 

Experiment. One of the most potent tools of 
many of the sciences, both for the discovery of new 
facts and for more adecpiate understanding of exist- 
ing facts, is the experiment. The experimenter arti- 
ficially varies the conditions under which phenom- 
ena oc’c’ur. In this wav, he may greatly inctease the 
frequency with which certain rare but significant 
conditions occur in nature and thus compress into 
a prai length of time occurrences which, in the 
natural course of eyents, might stretch oyer many 
generations, as in the study of genetics by the 
biologist. Or he mav create conditions never ob- 
served in nature, as when he applies pressures of 
tens of thousands of atmospheres to water at ordi- 
nary temperatures and thus discovers how matter 
behave « <mder c'ompletely novel conditions. Used in 
this way, experiment becomes an enormously po- 
rtent instrument in acquiring understanding, for 
man’s understanding in a physical situation cannot 
be regaided as adequate until he can correctly 
anticipate what will oc^ur under every conceivable 
range of circumstances, whether impo.sed naturally 
or by artifice in the laboratory. 

The experimenter often proceeds by isolating the 
differv*nt factors supposed to control a phenomenon 
and studying the effect of varying these factors in- 
dependently of each other. His conception of what 
the significant factors are wHl often be determined 
by his theoretical understanding, and often experi- 
mentation and theory go hand in hand, one suggest- 
ing, modifying, and determining the other. See Ex- 
periment. 

Causa and affact. In modem scientific activity, 
the theoretical analysis preceding the isolation of 
factors to be experimekitany varied is, in the vast 
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majority of cases, predicated on the operation of 
the law of cause and eflFect. The discovery that 
this law is operative in almost all experience and 
the conviction that it is profitable to assume it 
operates, even where this has not yet been demon- 
strated, is perhaps the one thing that sets off sci- 
ence since the time of Galileo from earlier scientific 
activity. Without this law, the development of the 
method of experiment would hardly have been pos- 
sible. In spite of this, it does not appear to be justi- 
fiable to claim, as many people have, that science 
is committed to the assumption that there is a law 
of causality or perhaps more generally, to the as- 
sertion that there are regularities which control 
natural phenomena. It may well be that science is 
committed to discover what regularities it can, but 
it is not committed to the thesis that regularities 
exist. One of the most important tasks of quantum 
theory is to find how to proceed in the face of the 
discovery that the regularities in the operation of 
nature are not as pervasive as, or of the kind that, 
had been supposed. 5ee Causality. 

Discovery of regularities and laws is probably 
the most important function of experiment, but it 
is not the only function. Experiment may be used 
as a simple tool of exploration into new territory, 
to determine the facts without any expectations of 
what they will be, allowing one’s theoretical under- 
standing to await the accumulation of a sufficient 
body of facts to make speculation profitable. 

Maasurement. In many of the sciences, quanti- 
tative measurement is employed. In fact, the possi- 
bility of measurement affords one of the commonest 
schemes of classification of the sciences into the 
exact, or quantitative, sciences and the qualitative 
sciences. Fundamentally, measurement amounts to 
description bv the use of numbers, but not every 
use of numbers for the purposes of description is 
measurement -the individuals on a football team 
may be referred to by the numbers on their uni- 
forms rather than by their names. The numbers 
which measure an aspect of a situation or object 
are obtained by performing ceitain operations. It 
is the nature of the operations which determines 
what is being measured. The number obtained by 
counting how many times a meterstick can be ap- 
plied to an object measures the object’s length, and 
the number at which the pointer on a spring bal- 
ance comes to rest measures the weight of the ob- 
ject in the pan of the balance. 

The operations by which the measuring numbers 
are obtained, involve in the vast majority of cases 
the use of some sort of instrument, for example, in 
the case of length a meterstick and in the case of 
weight a balance. The systematic design and use of 
instruments is one of the marks of well-developed 
scientific method. The number which is given by a 
measuring operation is always subject to some un- 
certainty or error. The magnitude of such error can 
be reduced by such devices as repetition or im- 
provement in design of the instrument, but error 
can never be entirely eradicated. 

The numbers obtained by measurement may be 
subjected to mathematical analysis, and mathe- 


matical regularities revealing the operation of vari- 
ous laws of nature often can be discovered and 
made the basis of theoretical understanding. It is 
frequently regarded as an ideal of a science that it 
be capable of mathematical analysis, and the more 
highly developed the science, the more susceptible 
it is of such analysis. From this point of view, phys- 
ics is often regarded as the most highly developed 
science. 

The operations by which the measuring numbers 
are obtained are not usually of complete generality 
but, at least in the more highly developed sciences, 
are subject to an important restriction. For exam- 
ple, the length of an object may be measured either 
in feet or in yards, and since a yard contains 3 feet, 
the length in yards will be one-third the length in 
feet. Systems of measurement which have proper- 
ties of this sort are subject to limitations such that 
it is possible to make certain general statements 
from the mere knowledge that such systems are 
possible. This gives rise to the method of dimen- 
.sional analysis, one of the most powerful of sci- 
entific methods. By the use of dimensional analysis, 
it is possible to predict, for example, that the pe- 
riod of a pendulum is proportional to the square 
root of its length, without the nece«.sitv for detailed 
mathematical analysis or experimental verification. 
See Dimensional analysis; see also Physical 
measurement; Probability; Probability in phys- 
ics. fp.w.B.l 

Bibliography \ R. B. Lindsay and H. Margenau, 
Foundations of Physics, 

Scintillation counter 

A particle detector which emits light when a 
charged particle passes through it. The scintilla- 
tion counter is one of the most versatile of the par- 
ticle detectors, and is widely used in industry, re- 
search, radiation monitoring, and in exploration 
for those radioactive minerals that emit y-rays. 
Many low-level radioactivity measurements are 
made with scintillation counters. For a discussion 
of these measurements, see Low-level counting; 
see also Particle detector. 

The flashes of light produced by the passage of 
charged particles through certain crystalline ma- 
terials are visible to the dark-adapted eye as scintil- 
lations of the material. Although visual observa- 
tions were used in the first experiments by Lord 
Rutherford, modern techniques employ photomulti- 
plier tubes to detect and amplify the scintillations 
{see Phototube, multiplier). The flashes of light 
result from fluorescent radiation emitted by atoms 
of the material as they return to their normal en- 
ergy state after having been ionized or excited by 
the charged particles passing through the material 
(see Fluorescence) . 

The first scintillation counters were made of a 
layer of zinc sulfide coated on glass. In modern 
counters, a transparent crystalline or plastic ma- 
terial is used as the scintillator. Such a mateisid 
must be transparent to its own fluorescent radte** 
tion. The scintillator is placed in optical eontact 



with the photosensitive surface of the photomulti- 
plier, as shown in the illustration, and is sur- 
rounded, except on that surface, by reflecting ma- 
terial. When the particle traverses the scintillator, 
it leaves a trail of excited atomti whith emit the 
ladiation that is dete<‘ted and amplified in the 
photomultiplier tube. 


reflecting surface 



Scintillation counter. 

CharactcristicSs Siinulldtldn lounlers have sev- 
oidl t haid< teiisth s wliith nidke them parthulaiU 
ds parth ie dete< tors. They arc hi^hh HI 
( jcnt and i an he made cpiile thin and small, so as to 
dehne the particle position acciirateh In rombina- 
tion with more than one photomultipliei, and par- 
ti( iilarU with liquid as the scintillator, they can be 
made quite large {see Sci\rni\TiON Dtitrton, 
I tQt in ) . The pulse of light emitted is ver> short 
(10 ** to 10 " sec for some scintillators), and, with 
pioper photomultipliers and amplihing circuits, 
the speed and resolving time of scintillation count- 
eis are better than in any other counter except 
Orenkov counters ( see Crnt nkov raoia i ion) . The 
maximum counting rate can be aciv laige, and 
scintillation counters are usc-d near acc'eleialois 
and other sources of radiation where some detec- 
tors, such as (leigei -Muller counters, aie useless. 

When properly operated, scintillation counteis 
are proportional, that is, the magnitude of the pulse 
of light is proportional to the energy lost by the 
particle traversing the scintillator. They can thus 
give information about the energy of the particle. 

Substances used. The materials used in scintil- 
lation counters may be classified as inorganic or 
oiganic. Inorganic substances include cadmium 
tungstate, calcium tungstate, and sodium or cesium 
iodide activated with thallium. These substances 
have decay times for the pulse of light of about 
10 ‘ sec. They are particularly useful for detecting 
y-rays because they contain heavy atoms which are 
efficient in converting y-rays to electrons. Inor- 
ganic crystals are used in scintillation specirom- 
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eters, instruments which measure the energy and 
intensity of y-rays from radioactive elements. The 
y-rays produce electrons in the crystal which are of 
sufficiently low energy so that the electrons lose 
all their energy in the crystal, and are absorbed. 
The energy of the electron is measured by a pulse 
height analyzer on the output of the photomulti- 
plier, and the y-ray energies are infeired from the 
cneigy distribution of the electrons. For additional 
information, see Gamma bays. 

Organic scintillators. These are tvpi ally naph- 
thalene, anthracene, transtilbene, and ter phenyl. 
Oiganic scintillators may also be made by dis- 
solving lerphenvl in an organic liquid such as xy- 
lene. oi in d poJynici to make a solid piditic scintil- 
lator. The outstanding rharacleristic of organic 
scintillators is their verv short decay time, from 
10 '' to 10 ** sec, depending on the material. Or- 
ganic scintillators are therefore used for high 
counting rates. Thev aie also proportional in their 
counting action for electrons and protons. Thfcy 
are much less efficient for y-iav counting than are 
the inoiganii si intillators. 

In '.ome cases it is not practical to have the pho- 
tomultiplier tube close to the seintillator. A “light 
pipe” 1 *. then used to condiirt the flashes of light 
from the srintillalor to the photomultiplier. This 
consists of a piece of glass, plastic, or quartz, ce- 
mented to the srintillat )r on one end and the 
photomultiplier on the other. Under good condi- 
tions, more than half of the light can be trans- 
mitted in this way. Systems of lenses and mirrorh 
ma\ also be used. 

Coincidence counting. Scintillation counters are 
ofttm used in c oincidence with other partic le count- 
ers The cointidence technique eliminates or re- 
duces ihe problem of local background. Fast or- 
ganir sc intillators are used to measure the time of 
flight of fast particles. The delay in the pulse from 
the second scintillation coiintei is a measure of the 
time required lor the particle to go from one -.cin- 
tillator to the oihcr, and the speed of the particle 
may thus he measured. Speeds up to 2.9 X 10** 
m/sec e been measured in this way. Organic 
scintillatuib may also be used to measure radioactive 
decay times as short as 10 ® sec. A particle with a 
short decay time is stopped in the scintillator, 
giving a pulse of light. If it decays a short time 
later and emits aiiothei charged particle, a second 
pulse is observed delayed slightly from the first, 
and measurement of the delay time gives the life- 
time of the radioactive substance, f w. b. frltterI 

Bibhography , G. T. Reynolds, Scintillation 
counters, in L. Marton, L. C. L. Yuan, and C-S. 
Wu (eds.). Methods of Experimental Physics, 
vol fiA,1961. 

Scintillation detector, liquid 

A particle detector in whuh the sensitive material 
is a liquid scintillator. For a general diacosaion of 
.rintillatofs as particle detectors, see Scimtiixa- 
tion counter; see also PABTictE detector. 

Liquid scintillation detectors are used when com 
is an important factor (they are relatively inex- 
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pensive), or when the detector must be made very 
large, or when the radiation levels to be measured 
are very low (see Low-level counting). A typical 
liquid scintillator consists of 5 g of p-terphenyl 
dissolved in 1 liter of toluene. The liquid organic 
solvent scintillates satisfactorily, and is inexpen- 
sive compared to the pure organic terphenyl crys- 
tal. The scintillating material must be placed in a 
glass or metal container and has the serious disad- 
vantage of being a fire hazard. If a large area is 
required, the scintillator is placed in a metal drum, 
the inside surface of which is coated with a white 
material. Several photomultipliers are mounted in 
the drum so as to observe the flashes of light ema- 
nating from the scintillator. 

Liquid scintillators have short decay times, as do 
other organic scintillators. The size of the electri- 
cal pulse resulting from the passage of a given par- 
ticle is somewhat smaller in a liquid scintillator 
than in the corresponding pure solid organic scin- 
tillator. A large, liquid scintillator was used to 
verify experimentally the existence of neutrinos. 

[W.B.F.] 

Bibliography: R. K. Swank, Characteristics of 
scintillators, Ann. Rev. Nuclear Sci., 4:110-140, 
1954. 

Scitaminales 

An order of the plant subclass Monocotyledoneae 
consisting of four tropical families. Some members 
of the banana family (Musaceae) are among the 
world’s largest herbs. The ginger family (Zingi- 
beraceae) with 47 genera and 1400 species is the 
largest. Some of these are cultivated as ornamen- 
tals. Curcuma longa supplies turmeric, a yellow 
dye and spice. Zingiber has several species whose 
rhizomes yield the important spice, ginger. Elet- 
taria yields the favorite spice of the Orient, carda- 
mon. The canna family (Cannaceae) has numerous 
ornamentals and the rhizome of Canna edulis is 
edible. The arrowroot family (Marantaceae) fur- 
nishes the arrowroot of commerce. See Arrowroot 
starch; Banana; Cardamon; Ginger; Turmeric; 
see also Embryophyta; Monocotyledoneae; 
Plant kingdom. [ p.d.s.1 

Scieractinia 

An order of the subclass Zoantharia which com- 
prise the true or stony corals (Fig. la). These are 
solitary or colonial anthozoans which attach to a 
firm substrate. They are profuse in tropical and 
subtropical waters and contribute to the formation 
of coral reefs or islands. Some species arc free 
and unattached. See Coral reef. 

Most of the polyp is impregnated with a hard 
calcareous skeleton secreted from ectodermal cal- 
cioblasts. As soon as the planula settles, it secretes 
a thin skeletal basal plate, from which radiating 
vertical platelike partitions or septa arise; then 
characteristic thecal formation follows. The basal 
parts of the inner septal edges are often fused to 
form a columella (Fig. 2), which is sometimes 
ridged by vertical thin plates or pali. The outer 
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Fig. 1. (a) Coral polyps, Oulangia sp. (h) Diagram- 

matic figure of cross section of a solitary coral. (After 
S. Hickson) 



Fig. 2. Skeletons of the aggregated colonies of Pocif- 
lopora damicornis espitosa formed in 15 days after fix- 
ing. 


septal edges, projecting beyond the theca, are the 
costae or ribs. Such is the outline of the oorallum. 
Various other structures develop, such as the endo- 
or exothecae which comprise the dissepiments. 
These are inside and outside the wall of the coral- 
him rebpectively (Fig. 16). 

Skeleton. The solitary corals form cylindrical, 
discoidal, or cuneiform skeletons (Fig. 5a-e), 
whereas colonial skeletons are multifarious. Stylo^ 
phora, Seriatopora, Pocillopora, and Acropora 
form branching skeletons (Fig. 3/-6) ; while the. 
skeletal systems of Favia^ Favites^ PoriteSf Coeh* 
seris^ and Goniastrea are massiv^ (Fig. 3i'-k). Id 



F'B 3. Corgi (kolotont. (o) DmunophYlhm dtanthus 
(W Flab 0 Hum dittinetum. (e) Bo/onopfcyHio gigat. 
Id) Fungra aetiniformh palautnus. (•) Fungia teutpria. 
If) PociMoporo acuta, (g) Aeroporo hyaeinthut. (h) G®* 
loxoo fatekuhnt. (I) Favia poHida. (ft Maandra famo - 
hno (k) Aeanthattrea pehinata. (ft TrachyphylUa omo- 
rontum. 


«iherR, such as Echinoporag Plerogyrag Lobophyl 
and T rackychyllia (Fig. 3/)» all sorts of shapes 
dfc found. 

Wony formation. The polyps increase rapidly 
hy inira- or extratentacular budding, and the shelf- 
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tons of polyps which settle in groups are easily 
fused (Fig. 2). Ginsequently, the colonies are 
readily formed. The pyriform, ciliated planula 
swims with its aboral extremity, which is composed 
of an ectodermal sensory layer, directed anteriorly. 
Planulation occurs periodically in conformity with 
lunar phases in a good many tropical species. See 
ZOANTHARIA. [K.A.] 

Scleractinia fossils 

Fossil scleractinian corals (Madreporaiia) were 
the ancestors of the living reef and deep- or cold- 
water corals and, as such, should provide informa- 
tion explanatory of the present wide diversity of 
these forms both structurally and ecologically. 

Geologic record. The general pattern of deploy- 
ment iii geologic time of the scleractinians is sum- 
marized in the accompanying diagram which shows 
the relation of the five subordei« to the pertinent 
part of the geological time scale These corals ap; 
peared suddenly in rocks of Middle Triassic age in 
Europe, where they lived on banks or patch reefs in 
shoal parts of warm seas. Two major lines were 
then repiesented: (1) the colonial astrocoenids 
with small corallites (hence small polyps) and 
septa composed of a few trabecular elements — 
features they have always retained; and (2) rela- 
tivelv primitive fungids and favids with larger, 
solitarv oi colonial corallhes with many trabecular 
elements in the septa. The relationship of these 
lines to each othei is nearly a*- obscure as that of 
the group as a whole is to earlier types of corals. 
Attempts have been made to explain their origin 
fiom their ecological predecessors, the rugose 
corals of the Paleozoic Era, but to date no truly 
intermediate types have been discovered. Either the 
Scleraiiinia were derived from actiniarianltke 
polyps previoiislv without skeletons, or they de- 
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veloped from the rugose corals in the time interval 
between the Late Permian and the Middle Triassic. 
As yet no fossil corals have been found in rocks of 
this time. See Coelenterata fossils. 

During the Jurassic Period the scleractinians 
swiftly evolved from the six or seven families of 
Triassic time into about seventeen. Most of this 
expansion was in the fungid-favid line in which the 
corallites became larger, with more complicated 
and numerous septa. Colonies became larger and 
larger as new modes of colony formation appeared. 
At this time, as is characteristic of many groups of 
organisms, some corals began to become adapted to 
other environments than the ancestral one in the 
warm, shallow seas. The caryophyllids, notablv, ap- 
peared about this time, and some of them he<'amc 
adapted to cooler and often deeper waters outside 
the tropical zone. Their later offshoot, the dendro- 
phvllids. continued this trend, and today most of 
the deep-sea coials belong to these two suborders 
Most of the astrocoenids, fungids. and favids re- 
mained in the tropical waters where they acquired 
algal symbionts, zooxanthellae. an ecological part- 
nership that made possible not only the giowth of 
huge colonies but also the existence of large num- 
bers of colonies in relatively small areas. As a le- 
sult of this deyelopment, the first true coral reefs 
appeared in the Middle Jurassic, and by Late 
Jurassic and Early Cretaceous times reefs grew 
ever> where in the tropics whete conditions of depth 
and bottom were suitable. 

Occurrance. Notable sites of these reefs are in 
Texas, Mexico, western Europe, across southern 
Asia, and Tapan. This coral reef belt had about the 
same extent as today but the zone as a whole was 
nearly 20 degrees farther north The Late Creta- 
c'eous also saw extensi\e reef building. especiall> 
in the Mediterranean region By the latter part of 
the Tertiary Period (Ceno/oic) the reef zone had 
shifted southward to about the position it has today 
and the corals were essentially modernized The 
major change since then has been the profuse de- 
velopment of the pocilloporid, acroporid (both of 
the suborder Astrocoeniida). and poritid (Fungi- 
ida) corals. Corals of these groups, with very rap- 
idly growing colonies and with innumerable small 
polyps, account for more than two-thirds of the 
present reef coral fauna, both in sheer bulk and 
number of species. See Antho/oa; Coral reff. 

[j.W.WF,] 

Sclerenchyma 

Single cells or aggregates of cells whose principal 
function is thought to be mechanical support of 
plants or plant parts. .Sclerenchyma cells have thick 
secondary walls and may or may not remain alive 
when mature. They vary greatly in form and are 
of widespread occurrence hi vascular plants. Two 
general types, sclereids and fibers, are widely rec- 
ognizasd, but since these intergrade, the distinction 
is sometimes arbitrary. 

Scterftids. These range from isodiametric to 
much elongated cells and may be branched. They 


may occur as isolated cells (idioblasts), groups of 
cells, or as extensive tit^sues. Five major kinds of 
sclereidb are described here: brachysclereidb, mac- 
rosclereids, obteosclereids, astrosclereids, and 
trichosclereids. 

Brachy sclereids (stone cells) have the form of 
the parenchyma cells from which they are derived 
by secondary sclerosis (haidening). They have 
conspicuous, frequently ramiform (branched) pits 
in their thickened walls and are found in the shells 
of nuts, the pits of stone fruits, the bark of many 
trees, and in the xylem and pith of some plants. 
Nests of btachysclereids form the grit in the flesh 
of pe*drs and quinces (see illustration fl). 

Mac rose lereids aie rodiike cells formed from the 
protoderm (embryonic epidermis) of ceitain seed 
('oats (A). Their secondary walls are unevenly 
thickened. 

Osteosc'lereids, or “bone” cells, are rodiike with 
swollen ends. They occur in seed coats and in some 
leaves. 

Astrosc lereids tend to be rad lately branched but 
are otherwise quite variable (c ) They occur in the 
leaves of many plants {Trochodendron, Pseudo 
tsuga, Moiirina) and in the petioles of Camellia 
Astrosclereids sometimes have ciystals embedded 
in their walls (Castalia) 



Sclerenchyma. (a) Brachysclereidt (stone cells) from 
fruit of pear, (b) Mocrosclereids (rod cells) from mac- 
erated seed coat of bean, (c) Branched sclereids from 
petiole of Camellia, (d) Fiberlike sclereids in cleored 
leaf of olive, (e) Transection of portion of stem of 
Linum showing extraxylary (phloem) fibers, (f) Tronsec- 
tion of wood of Cornus showing Intraxylary (woo41 
libriform fibers and vessels. 







Trichosclereids (d) are long and slender, resem- 
bling fibers, with which they intergrade (leaves of 
JIfonseera and olive). 

In general, foliar sclereids are idioblastic. They 
often arise from initials in the ground meristem. 
Branched forms extend themselves into intercellu- 
lar spaces and even between cells. Sometimes they 
are associated with the ends of veinlets. 

Fibers. Typically, fibers have tapering ends and 
are very long in proportion to their width. They 
usually occur as coherent strands of tissue and are 
rarely idioblastic. Individual fiber cells vary in 
length from a few millimeters to more than half a 
meter (Boehm eria nivea). Their thick walls are of- 
ten sparsely pitted and the pits usually appear sim- 
ple. Fibers are widely distributed both in the pri- 
mary and in the secondary body of vascular plants. 
Two broad types are generally recognized: intra- 
xylary, or wood, fibers occur in the xylem (e) ; ex- 
traxylary, or bast, fibers are found in the phloem 
and cortex of dicotyledons (/) and in association 
with vascular bundles in the stems and leaves of 
monocotyledons. 

Libriform (elongated, thick-walled) wood fibers 
(/), which may constitute as much as 50% of an 
angiosperm wood, are so called because of their 
structural resemblance to phloem fibers They of 
ten intcrgiade with tracheary (water-conducting) 
elements. Intermediate forms are called fiber-tra- 
( heids. Septate wood fibers and fiber-tracheids have 
tiansverse partitions which develop after the sec- 
ondary wall is laid down (Vitis, Hypericum) . Gela- 
tinous or mucilaginous fibers have hygroscopic cell 
walls. They are found in many angiosperm woods 
siuhasoak (Querrus) and black locust (Robinia) • 
The fibers of commerce, excepting cotton and 
kapok (which consist of unicellular hairs), arc bast 
fibers. The leaf fibers from monocotyledons, such 
as sisal (Agave sisalina)^ henequen (Agave four- 
rroydes), and abaca (Musa textilis), are known as 
hard fibers. They are lignified and coarse and are 
used in the manufacture of cordage. The soft, or 
stem, fibers include jute (Corchorus)^ true hemp 
\ Cannabis), ramie (Boehmeria nivea), and flax 
( Linum usitatissimum ) . Flax fibers, the raw matc- 
ridl for linen, contain little or no lignin. See Fibeb 
(Rops; Phloem; Plant anatomy; Xyiem. [n.h.b.1 

Scorpion 

Any member of the order Scorpionida, class Arach- 
nids, phylum Arthropoda. There are about 650^e- 
cies, 40 of which occur in the United States. 
piefer warm, dry situations, and in the United 
States are most common in the arid Sk)uthwe8t, al- 
though they are found northward to North Dakot^ 

Scorpions have a sharp poison claw on the end 
of the abdomen with which they can inflict a 
painful sting. Two species in the United States 
are dangerous; at least five species in Mexico are 
considered capable of inflicting a fatal sting to 
children. One of the five can kill adults. 

Scorpions have elongated, somewhat flattened 
Inidies, with a cephalothorax and 12 abdominal 
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segments terminating in the poison claw. The ab- 
domen is marked off into a preabdomen, continu- 
ous in pattern and size with the cephalothorax, and 
the slender, highly flexible postabdomen. The pedi- 
palpi are long and powerful. With these apprad- 
ageb they grasp their prey and sting them into 
submission. They also have four pairs of walking 
legs. They breathe by spiracles. In general their 
anatomy is similar to that of other Aiachnida. 



The scorpion, Centrurus sp.; length about 3 in. (From 
F, L. Palmer, Fieldbook of Natural History, McGraw- 
Hill, 1949) 

Scorpion.s are nocturnal and they feed mainly on 
insecU and spiders. Sexes are separate and ferti- 
lization is internal. The young are born alive and 
are carried about by llie mother for several days 
after birth. See Scorpionida. [j.d.b.] 

Scorpionida 

An order of the Arachnida which have chelate pedi- 
palps and chelicera, a terminal caudal sting, and 
abdomiii'u pectines (see illustration). The body 
is divided into a cephalothorax (prosoma), which 
, <8 covered by the unsegmented carapace, and a seg- 
mented abdomen (opisthosoma). This latter divi- 
sion is differentiated into an anterior preabdomen 
^iupsosoma) and a postabdomen (metasoma) 
which, plus the terminal sting, constitutes the 

*‘tail.” 

The cephalothorax bears the chelicerae, the pedi- 
palp8,*and four pairs of walking legs. The preab- 
domen contains seven segments, while the postab- 
domen has five. The carapace bears three groups of 
small simple eyes, a median pair and two groups 
of anterolateral eyes. Each group has two to five 
ocelli according to the species, while a few species 

lack lateral eyes. . i 

The dorsum of each of the seven preabdominal 
segments is covered by a distinct tergal plate, ud 
the ventral surface by a similar sternal plate. The 
genital aperture, covered bv the geniul opetfculum. 
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Scorpion (o) Ventral view, (b) Dorsal view (H. L. 
Sfahnke, Scorpions for laboralory study. Am. Biol 
Teacher, voi 19, no. 5, May, 1957) 


opens ventrally on the first segment. On the sec- 
ond segment is a small, quadrate basal piece, 
which articulates laterally with the pair of pertines. 
These toothed structures are tactile organs, used 
by these nocturnal and relatively blind animals to 
survey the surface over which they crawl. The lat- 
eral areas of sterna III -VI have four pairs of ob- 
lique, or oval, silts, which are the apertures, or 
spiracles, of the internel respiratory organs known 
as book lungs. 

Approximately 650 species are known. They 
range in the adult form from approximately % to 
8 in. long. Scorpions are widely distributed through- 


out the Tropical Zone and the warmer areas of the 
Temperate Zone. About 40 species are found in 
the United States, 22 of which are in Arizona. Cali- 
fornia and Florida also have a rich scorpion fauna. 
Scorpions are found over three-fourths of the 
United States; they are absent from the New Eng- 
land states, Iowa, and areas immediately surround- 
ing the Great Lakes. 

The only species in the United States that are 
known to be lethal are Centruroides sculpturatus 
Ewing and C. gertsrhi Stahnke, found in southern 
and central Arizona and the adjacent areas of Cali- 
fornia, New Mexico, and Mexico. The venom of 
these sc orpions has proved fatal to liealthy children 
up to 16 years of age and to adults suffering from 
hypertension and general debility The Poisonous 
Animals Research Laboratory of Arizona State 
College, Tempe, Arizona, manufactures a scorpion 
antivenin for free distribution to the medical pro- 
fession of that state. See Arachnida. [h.i.st.] 

Scorpius 

The Scorpion, in astronomy, is one of most beauti- 
ful and vivid constellations in the sky Scorpius is 
the eighth sign of the Zodiac The constellation re- 
sembles a scorpion even to the sting The bright 
red star Antares is situated at the heart Its name 
(Ant Ares) means the Rival of Mars, since both 
the planet and the star are bright and red in color, 
and the two are often found near each other An- 
tares is one of the larf^est stars known, having a di- 
ameter over 450 times that of the Sun. As m Sagit- 
tarius, the Milkv Way in Sc'orpius is bright and 
rich in star clouds and clusters See Consifiia- 
TiON r^-S.Y.] 

Screening 

A mechanical method of separating a mixture of 
solid particlen into fractions by size. The mixture 
to be separated, called the feed, is passed over a 
screen surface containing openings of definite size 
Particles smaller than the openings fall through the 
screen and are collected as undersize. Particles 
larger than the openings slide off the screen and 
are caught as oversize. A single screen separates 
the feed into only two fractions. Two or more 
screens may be operated in series to give additional 
fractions. Screening occasionally is done wet, but 
most commonly it is done dry. 

Industrial screens may be constructed of metal 
bars, perforated or slotted metal plates, woven wire 
cloth, or bolting cloth. The openings are usually 
square, but may be circular or rectangular. In rec- 
tangular openings the separation is controlled by 
the smaller dimension. 

When the opening in a screen is larger than 1 in., 
the actual opening size in inches is specified. When 
the opening is I in. or less, the screen size is des- 
ignated as the number of openings per linear inch, 
that is, a 2()-mesh screen has 20 openings per Inch. 
The actual size of an opening is less than that cor« 
responding to the mesh number by the thickness of 
the metal between openings. Mesh* sizes range from 



about 4-in. to 400-mesh, but bcreens finer than 100- 
or 150-mesh are seldom used industrially Particles 
smaller than this are usually separated by other 
methods. See Classuicaiion, mfchankal, Sm- 

IMFNrATION (INDUSTRIAI ). 

Testing sieves are used to measure the sire dis- 
tribution of mixtures of particles and to specify 
the performance of commetcial screens and other 
equipment They are made of woven wire sc reening 
Mesh and wire si/e of each screen aie standardized 
The usual range is from 1 to 200-me8h In use, a 
set of standard screens is arranged serially m a 
slack, with the finest mesh on the bottom and the 
coarsest on top An analysis is conducted b> plac 
mg a weighed sample on the top screen and shak 
mg the slack mechanicallv foi a definite lime Par 
tides passing the bottom screen are caught m a 
pan The particles remaining on each screen are 
rcmcned and weighed, and the weights of the indi 
\idudJ increments are converted to percentages of 
the total sample 

In most screens, the particles are pulle*d through 
the openings by gravity only large paitule»s ate 
heavy enenigh to pass through the openings easil\ 
hut intermediate and smaller partic les art too light 
to pass through the screen unaided Most screens 
are agitated to sjicM'd the parlic les through the 
openings rcmimon methods are to revohe a c\ 
hndiical screen about an aMs slightU inclined to 
ihc hoii/ontal or to shake g\rate or vibrate a flat 
SI reen 
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Two effects tend to restrict the fall of email par- 
ticles through a screen: blinding of the screen by 
wedging of particles into the openings, and stick- 
ing of individual particles to each other and to the 
sc reen The motion of the sc reen rediic es blinding, 
and sometimes positn e means are provided to drive 
wedged particles back through the openings Stick- 
ing IS severe if the particles are damp, and may be 
reduc ed bv drying the feed 
Two common sc reens are shown in the illustra- 
tion The upper one *s a revolving screeu. called a 
trommel This i«. a combination of four screens in 
senes This unit gives five products The lower 
screen is a horizontal gyialing screen It uses 
bourn mg balls under the sizing sc. reens to dislodge 
partic les c aught in the meshes The halls are sup- 
ported on coarse screens which c»ffei no resistance 
to the materials passing the sizing screens This 
sc teen gives four pioduc ts 

Ideally, a screen should effect a sharp separation 
between undersize and oveisize, and the largest par- 
ticle in the undersize should be just smaller than 
tilt smallest pa»*ticles in the oversize An actual 
screen dcies not do this and aptirenable portions 
oi both fiac turns have the same size lange Even 
testing sc reens show this overlap between adjoining 
fiactions See Si-PAliAiiON (mfchanic al) , SiZfc 
RIDUC noN [w I M ] 
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Screening smoke 

Smoke c louds have many uses iii warfare, ranging 
from scieenmg militarv operations to marking and 
signaling pui poses The principal nonmilitary use 
of smoKv has hem to prevent atmospheric tempera- 
tures from falling below' freezing in the vicinity of 
fruit crops The obscuring action of screening 
smokes is associated with the reflection and scatter- 
ing phenomena associated with hne particle suspen- 
sions The optimum particle diameter for such 
smokes has been calculated to be about 1 micron. 

Milita^' screening smokes aie produced by three 
geneial means combustion, chemical reaction, or 
physic al condensation 

Smokes by combustion. The most notable ex- 
ample of a combustion smoke ib that generated by 
white phosphorus coded ‘‘WP’’ by the United 
States Army This material burns spontaneously in 
air according to the reaction 

• p 4 + 5O2 2P2O6 

The phosphorus pentoxide formed is extremely 
hygroscopic and forms dense clouds of white smoke, 
llie heat of combustion causes the smoke to rise 
rapidly from the ground in calm weather. This ef- 
fect, called pillaring, is undesirable, limiting the 
use of WP as a screen. Because it is easily Ignited 
and has a fairly high burning temperature, while 
phosphorus is also considered an incendiary. 

Munitions for the dissemination of WP smoke all 
contain an explosive burster which scatters the 
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phoaphorus as small burning fragments. These mu- 
nitions are designed as either shells or grenades. 

Smokes by chemical reaction. These smokes 
are typified by several commonly used military 
chemicals. Hexachloroethane (HC) smoke is made 
by the reaction of zinc oxide with hexachloroethane. 
The reaction is initiated hy heat and produces a 
cloud of hygroscopic zinc chloride particles, which 
absorb water and form a dense screen. A typical 
HC smoke mix contains 7% aluminum, 47% zinc 
oxide, and 46% hexachloroethane. The aluminum 
content is varied to control the rate of reaction. 

HC smoke munitions are not explosive but the 
reaction temperature is high. The principal military 
munitions for HC are grenades and smoke pots. 

Titanium tetrachloride (FM) and a mixture of 
sulfur trioxide and chlorosulfonic acid (FS) are 
examples of chemicals that produce smoke by hy- 
drolysis reactions. These depend on atmospheric 
moisture. Under extremely dry conditions these ma- 
terials are not effective. 

Titanium tetrachloride is an easily volatilized 
liquid whose vapors react instantly with water to 
form a variety of solid, finely divided titanium oxy- 
chlorides. Although liquid FM c an be stored easily, 
in the presence of moisture it forms hydrochloric 
acid, which is highly corrosive. FM can be sprayed 
from tanks carried by aircraft, but the solid prod- 
ucts of hydrolysis have been known to clog the 
spray orifices. It can also be used as a filling for 
shells and bombs. 

FS mixture was developed in the United States 
in 1929-1930 to replace the more expensive and less 



Pig. 1. Smoke screen produced by oil smoke genera- 
tors. 



Flfl. 2. Aerial view of smoko scroon boing loid by 
airplane. 


effective FM. The general effect of exposing a spray 
of sulfur trioxide-chlorosulfonic acid mixture tc 
humid air is to produce a dense screen of fine par- 
ticles of sulfuric acid. FS is especially adaptable to 
airplane spray dissemination. It produces no solid 
reaction products and the high specific gravity oi 
the mixture enables the screen to reach the ground 
when sprayed at low altitudes. It is, however, highly 
corrosive as a liquid and as a smoke. 

All chemical smokes, being acidic, are irritating 
to the respiratory tract. 

Condensation smokes. The need for a screen- 
ing smoke that was nonirritating, inexpensive, and 
producible in large quantities led in World War II 
to the development of oil smoke!, produced by 
purely physical means. When high-boiling petro- 
leum oil is vaporized by heat and the vapor cooled 
rapidly it condenses into numerous fine droplets 
that form a stable cloud, the life of which depends 
solely on meteorological conditions Average field 
concentrations of oil smoke are harmless bv inhala- 
tion. Oils suitable for smoke use resemble SAE 
10-40 motor oils. 

The volume of smoke produced by generating de 
vices is determined by the quantity of heat available 
for vaporization and by the power available for 
pumping the oil to the heat source. Piesent military 
smoke generators are capable of converting i»ver SO 
gal of oil per houi to smoke. Many sources of heat 
may be utilized. The simultaneous operation of 
many generators mal^s it possible to screen several 
square miles from air observation 

These smokes are also useful for nonmilitary pur 
poses Farmers have used smoke for many years to 
prevent the freezing of fruit and other crops. The 
first smokes were generated bv burning wet hay or 
other moist combustibles in smudge pots Recent 
trends have been toward the use of oil smokes The 
blanket of smoke reduces the loss of heat by radia 
tion from ground or plant surfaces, and has been 
quite successful in keeping local temperatures 
above the freezing point. 

Signaling or marking smokes. Smoke is used at 
times for signaling or marking in military opera- 
tions. Such smoke signals must be colored to be 
distinguishable. These are usually burning mixtures 
containing dyes which vaporize and recondense 
\ny color ran be produced, depending on the ther- 
mal stability and other characteristics of the dye 
The most satisfactory dyes have been of the azo, 
antbraquinone, azine, or diphenylmethyl types, ber 
Aerosol; Chemical warfare; Smoke. |s.o.s.| 

Screw 

A cylindrical body with a helical groove cut into its 
surface. For practical purposes a screw may be 
considered to be a wedge wound in the form of a 
helix so that the input motion is a rotation while 
the output remains translation. The screw is to the 
wedge much the same as the wheel and axle is to 
the lever in that it permits the exertion of force 
through a greatly increased distance. 




Fig. 1 . Screw. 
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and the efficiency of a screw with square threads 


_ 1 — ju tan X 

i» — tan X - " . 

tanX + M 


where fi * the coefficient of friction. 

If n ‘5crew jack (Fig. 2) is used to raise a heavy 
object, such as a house or machine, it is normally 
desirable for the screw to be self-locking, that is, 
for the screw not to rotate and lower the load when 
the torque is removed with the load remaining on 
the jack. For a sciew to be self-locking, the coeffi- 
cient of friction must be greater than the tangent 
of the lead angle; /i > tan A. 


Figure 1 shows a frictionless screw with s(|uare 
threads mounted on a ball thrust bearing being 
used to raise a load (J. The load and other forces 
may be considered to be concentrated at an effec*- 
tive radius called the pitch radius. The force dia- 
gram is similar to tho diagram for a wedge except 
that wedge angle A is replaced bv sciew lead angle 
A. which is the angle between the thread of the 
helix and a plane perpendicular to the axi*- of rota- 
tion. Subscript t is added to indicate that force F 
IS aptilicd tangent to a ciicle. Therefore, 

F, = () tan A 

and. because Ft acts at the pitch radius /{, the 
torcpie on the screw is 

T = FiR = tan X 

When a practical screw is considered, friction 
luMoiiics important and the torque on a screw with 
-(luaie threads becomes 


r 


QR 


tan X -f M 
1 - jii tan X 


Fig. 3 



The screw is b\ far the most useful form of in- 
clined plane or wedge and finds application in the 
holts and nuts used to fasten parts together: in lead 
and feed snews used to advance cutting tools oi 
pails in machine tools; in screw jacks used to lift 
sush objects as automobiles, houses, and heavy 
machinery; in screw-tvpe conveyors (Fig. 3) used 
to inovi hulk materials; and in propellers for air- 
planes and ships. .SVe Simple machinf. [r.m.ph.] 



Screw fastener 

A threaded machine part used to join parts of a 
machine or striKtiire. Screw fasteners are used 
when a connection is leqiiired that can be disas- 
sembled M *1 leconnected and that must resist ten- 
sion and sheai. A nut and bolt is a common screw 
fgsiener. Bolt material is chosen to have an ex- 
pended stress-strain characteristic free from a 
pronounced yield point. Nut material is chosen for 
slight plastic flow. 



2. Screw jack. 


Forces on o 


bolt fastener under preldoding. 
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The nut is tightened on the bolt to produce a pre- 
load tension in the bolt, as illustrated. This pre- 
load has several advantageous effects. It places the 
bolt under sufficient tension so that during vibra- 
tion the relative stress change is slight with con- 
sequent improved fatigue resistance and locking 
of the nut. Preloading also increases the friction 
between bearing surfaces of the joined members so 
that shear loads are carried by the friction forces 
rather than by the bolt. 

The tightened nut is under compression; the 
bolt is under tension. The deformation that ac- 
companies these forces tends to place the entire 
preload on the thread nearest the bearing surface. 
Thus, concentration of loading is counteracted if 
the nut is slightly plastic so as to set under load. 
This yielding may be achieved by choice of ma- 
terial or by special shape. If a soft gasket is used 
in the assembly, preloading is less effective; the 
bolt may carry the full tension and shear loads. 
See Bolt; Joint (mechanical) ; Screw threads. 

[t.H.R.l 

Bibliography: O. J. Horger (ed.). Metals En- 
gineering Design, 1953. 

Screw jack 

A mechanism for lifting and supporting loads 
usually of large size. A screw jack mechanisim con- 
sists of a thrust collar and a nut which rides on a 
bolt; the threads between the nut and bolt normallv 
have a square shape. A standard form of screw 
jack has a heavy metal base with a central threaded 
hole into which fits a bolt capable of rotation undei 
a collar thrusting against the load. Screw jacks are 
also used for positioning mechanical parts on ma- 
chine tools in order to carry out manufacturing 
processes. These jacks are small in size and have 
standard V thieads. Load and stress calculations 
may be performed on screw jacks in the same man- 
ner as in power screws and screw fastenings. 

rj.j.R.] 

Screw threads 

Continuous helical ribs on a cylindrical shank. 
Screw threads are used principally for fastening, 
adjusting, and transmitting power. To perform 
these specific functions, various thread forms have 
been developed. A thread on the outside of a cyl- 
inder or cone is an externa] (male) thread; a 
thread on the inside of a member is an internal 
(female) thread (Fig. 1). 

Types of thread. A thread may be either right- 
hand or left-hand. A right-hand thread on an ex- 
ternal member advances into an internal thread 
when turned clockwise; a left-hand thread advances 
when turned counterclockwise. If a single helical 
groove is cut or formed on a cylinder, it is called a 
single-thread screw. Should the helix angle be in- 
creased suffii'iently for a second thread to be cut 
between the grooves of the first thread, a double 
thread will be formed on the screw. Double, triple, 
and even quadruple threads are used whenever a 



Fig. 1. Screw thread nomenclature. 


rapid advance is desired, as on fountain pens and 
valves. The helices on a double thread start 180° 
apart while those on a triple begin 120° apart. A 
multiple thread produces a rapid advance without 
resort to a coarse thread. 

Pitch and major diameter designate a thread. 
T^ad is the distance advanced parallel to the axis 
when the screw is turned one revolution. For a 
single thread, lead is equal to the pitch; for a 
double thread lead is twice the pitch. For a straight 
thread, the pitch diameter is the diameter of an 
imaginary coaxial ( 7 linder that would cut the 
thread forms at a height where the width of the 
thread and groove would be equal. 

Thread forms now in use have been developed to 
satisfy particular rMuirements (Fig. 2). Those 
emploved on fasteners and couplings and those 
used foi making adjustments are generally of the 
modified 60° V type. Where strength is required 
for the transmission of power and motion, a thread 
having faces that are more nearly perpendicular to 
the axis is preferred such as the modified square 
and the acme. These threads, with their strong 
thread sections, transmit power nearly parallel to 
the axis of the screw. The sharp V, formerly found 



sharp V Americon stondord Whitworth 

(uniflod) 



modifiod buttress knuckla Dordolat 

(not stondord) 

Fig. 2. Screw threads. (From W. J. Luzaddor, Graphics 
for Engineers, Prenfice^Hall, 7957) 





on hct screws, is now rarely used because of the 
difficulty of cutting sharp roots and crests in quan- 
tity production. 

Standard threads. The unified thread form ac- 
companied by the unified thread standards fulfills 
the necessary requirements for interchangeability 
of threaded products between the United States, 
Great Britain, and Canada. This modified thread 
form represents two compromises between British 
IXrhitworth and American National thread forms. 
The British accepted the 60° thread angle of the 
American thread and the Americans accepted a 
rounded root and crest similar to the Whitworth 
form. The American National unified form for ex- 
ternal threads has a rounded root and ma\ have 
either a rounded or flat crest. The new thread con- 
t«>ijrs provide advantages over Ixith the earlier 
forms. The design provides for greater fatigue 
strength and allows for longei wear of cutting tools. 
The unified thread is a general purpose thread that 
IS paiti< iildrh suited for fasteners. 

Threads on bolts and screws mav be formed b\ 
roiling, c utting. or extruding and rolling. Cut 
threads fre(|uentlv produce a tighter fit than do 
rolled threads betause of irregularities and burrs. 
To facilitate assembh. uit threads should have a 
finished point. Rolled threads ordinariK can be 
maniifac tured at less cost but the range of sizes of 
bolts that c an be produced is limited 

The Whitworth 55° thread, similar in manv re- 
spei ts to the American Standard form, is the stand- 
aid V-form used in (ireat Britain The unified 
foiin. identical with the American Standard, is also 
standard in (treat Britain. 

\ modified square thread, with an angle of 10° 
beineen the sides, is sometimes used for jacks and 
' ise*« where strength is needed for the transmission 
of power in the direction of the thread axis. 

When originally formulated, the acme thread was 
intended as an alternate to the square thread and 
oihei thread forms that were being used to produce 
transverse motion on machines. Now used for a 
\arietv of purposes, the acme thread is easier to 
produce than the square thread and its design per- 
mits the use of a split nut to provide on-off engage- 
ment. A modification of the acme is the 29° stub 
acme. Because the basic depth of the thread is le- 
diiced to 0.30 of the pitch, the thread section is 
strong and well suited to power applications where 
space limitations make a shallow thread desirable 
^ still further modification of the acme is the 60° 
stub having a 60° angle between the sides of the 
thread. This thread has a basic depth of 0.433 of the 
pitch. The Brown and Sharp worm thread, a modi- 
fied form of the acme thread, is used for transmit- 
ting power to a worm wheel. 

The buttress or breech-block thread is design^ 
for transmitting an exceptionally high pressure in 
one direction only. In its original form, the pressure 
flank was perpendicular to the thread axis and the 
^failing flank sloped at 45°. To simplify the cutting 
of the face, modern practice is to give the pressure 


Screw threads tS 

flank a 7° slope. This form of thread is applicable 
for assembled tubular members because of the small 
radial thrust. Buttress threads are used on breech 
mechanisms of large guns and for airplane pro- 
peller hubs. 

The knuckle rolled thread is found on sheet metal 
shells of lamp bases, fuse plugs, and in electric 
sockets. The thread form, consisting of circular seg- 
ments forming crests and roots tangent to each 
other, has been standardized. The thread Is usually 
rolled but it may be molded or cast. The Dardelet 
thread is self-locking in assembly. 

Unified and American screw thread Mries. 
Unified and American screw thread standards for 
screws, bolts, nuts, and other threaded parts consist 
of six series of threads and a selection of special 
thread'' that cover nonstandard combinations of di- 
ameter and pitch. Each series of standard threads 
differs from another by the number of threads speci- 
fied per inch for a particular diameter. The unified 
screw threads are limited to two series, coarse 
(UNO and fine (UNF). A ^4-in. diameter thread 
in the IJNC senes has 20 threads/in., while in the 
UNF series it has 28 threads/in. 

In the unified and American standards, the coarse 
thread series (IJNC and NO is recommended for 
general indiistrial use on threaded machine parts 
and for s( rews and bolts. Because a coarse thread 
has fewer threads per inch than a fine thread of the 
same diameter, the helix angle is greater and die 
thread travels farther in one nirn. A c‘oarse thread 
is preferred where rapidity and case of assembly 
are desired and where strength and clamping power 
are not of prime importance. 

The fine thread series (l)NF' and NF) is recom- 
mended for general use in the automotive and air- 
craft fields fur threads subject to strong vibration. 
In general, a fine thread should be used only where 
close adjustment, extra strength, or increased re- 
sistance to loosening is a factor. 

The extra-fine thread scries (UNEF and NEF) is 
used principally in aeronautical structures where an 
extremely shallow thiead is needed for thin-wallcd 
materia! ^ . d where a maximum practicable number 
of threads is required for a given length. 

« The 8-thread series (BN) with 8 threads/in. for 
all diameters is used on bolts for high-pressure 
flanges, cylinder-head studs, and other fasteners 
against pressure where it is required that an initial 
tension be set up so that the joint will not open 
when steam or other pressure is applied. This series 
has come into general use for many types of en- 
gineering work, [t is sometimes used as a sub^i- 
tute for the coarse thread series for diameters 
greater than 1 in. 

The 12-thrcad scries (12UN or 12N ) is a uniform 
pitch scries that is widely used in industry for thin 
nuts on shafts and sleeves. This series is conaidered 
to be a continuation of the fine-thread series for 
diameters greater than 1% in. 

The Ifi-thread series (16UN or 16N) is a uniform 
pitch series for applications that require a very fine 
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thread as in threaded adjusting collars and bearing 
retaining nuts. This series is used as a continuation 
of the extra-fine thread series for diameters greater 
than 2 in. 

The manufacturing tolerance and allowance per- 
mitted distinguishes one class of thread from an- 
other under the unified thread system. Because 
allowance is an intentional difference between cor- 
related size dimensions of mating threads, and tol- 
erance is the difference between limits of size, a 
thread class- may be considered to control the loose- 
ness or tightness between mating threaded parts. 
The American standard for unified and American 
screw threads provides classes lA, 2A. and 3A for 
external threads, classes IB. 2B, and 3B for inter- 
nal threads, and classes 2 and 3 for both internal 
and external threads. Classes lA and IB are for 
ordnance and other special uses. Classes 2A and 
2B are the recognized standards for the bulk of 
screw thread work and for the normal production 
of threads on screws, bolts, and nuts. Classes 3A 
and 3B are for applications where smaller toler- 
ances than those afforded b> class 2A and 2B are 
justified and where closeness of fit between mating 
threads is important. Class 3A has no allowance. 

The strew thread fit needed for a specific applica- 
tion can be obtained bv combining suitable classes 
of thread For example a class 2A external thread 
might he used with a class 3B internal thread to 
meet lequirements. 

Methods of designating screw threads. Threads 
are designated bv standardized notes (Fig. 3). Un- 
der the unified system, threads are specified bv 
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Fig. 3. Thread identification symbols. (From W. J. 
Luzadder, Fundamentals of Engineering Drawing, 4th 
ed., Prentiee-Hall, 1959) 


giving in older the nominal diameter, number of 
threads per inch, the initial letters such as UNC or 
UNF that identify the series, and class of thread 
(lA, 2A, and 3A or IB, 2B, and 3B). Thieads are 
considered to be right-hand and single unless other- 
wise noted, therefore the specification for a left- 
hand thread must have the letters LH included. To 
indicate multiplicity, the word DOUBLE, TRIPLE, 
and so on must follow the class symbol. 

Throadod faatonar uses. Most threaded fast- 
eners are a threaded cylindrical rod with some 


form of head on one end. There are various types 
of threaded fasteners available; some, such as 
bolts, cap screws, and machine screws, have been 
standardized; others are special designs. The use 
of removable threaded fasteners is necessary on 
machines and structures for holding together those 
parts that must be frequently disassembled and 
reassembled. Because standard threaded fasteners 
are mass produced at relatively low cost and are 
uniform and interchangeable, they are used when- 
ever possible. 

Fasteners are identified by names that are de- 
scriptive of either their form or application: set 
screw, shoulder screw, self-tapping screw, thumb 
screw, and e\ e-bolt. Of the many {of ms available, 
five types meet most requircinents for threaded 
fasteners and are used for the bulk of production 
work: bolt, stud, cap srreiv, machine screw, and set 
sciew (Fig. 4). Bolts and screws can be obtained 
with varied heads and points (Fig. .S). 



Fig. 4 Common types of fasteners (From T E French 
and C. J, Vierck, Graphic Science, McGraw-Hill, 1956) 
P 

A bolt genet all> used for drawing two paits 
together. Having a threaded end and an integial 
head formed in manufactiiie, it is passed through 
aligned clearance holes in the two parts and a nut 
is applied. 

A stud is a rod threaded on both ends. Studs are 
used foi parts that must be iemo\ed fre'ipientlv and 
for applications where bolls would he impractical. 
They aie first sfrened more or less permanently 
into one part before the removable member with 
eorresponding clearance holes is placed into posi- 
tion. Nuts are used on the projecting ends to draw 
the parts together. 

Cap screws (plated or unplated) are widely used 
in machine tools and for assembling parts in auto- 
motive and aeronautical equipment. They are avail- 
able in four standard heads: hexagon, flat, round, 
and fillister. Cap screws may be steel, brass, bronze, 
or aluminum alloy. Flat- and round-head screws 
have slotted heads (Fig. 6). Fillister-head screws 
have either slotted or socket heads. When mating 
parts are assembled, the cap screws pass through 
clear holes in one member and screw into threaded 
holes in the other. The head, an integral part of 
the fastener along with the thread, holds the parts 
together. In the automotive industry, the hexagon- 
head cap screw in combination with a nut is often 
used as an automotive hexagon-head bolt. 

Machine screws, which are similar to cap screws 
and fulfill the same purpose, are employed prip* 
cipally in the numbered diameter sizes on smelt 
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have a socket head, Phillips head, or ony one of a 
number of special contours for patented turning sys- 
tems. {Reynolds Metals Co.) 
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hMd ' head head (slotted) (tlotted) 

(hexogonal)(flut 0 d) (slotted) 

Fig, 6. Cap screws. (From W. J, Luzadder, Fundament 
fals of Engineering Drawing, 4th ed», Prentice^Ha/l, 
1959) 

work having thin sections or with a machine nut to 
function as a small bolt. 

Set screws made of hardened steel are used to 
hold parts in a position relative to one another. 
Normally, their purpose is to prevent rotary motion 
between two parts, such a< would occur in the case 
of a rotating pulley and shaft combination. Set 
screws can be purchased with any one of six types 
of points in combination with any style of head 
(Figs. 5 and 7). In the application of set screws, a 
flat surface may be formed on a shaft to provide a 
seat for a flat point. A cone point fits into a conical 
spot. 

Wood screws, lag screws, and hanger bolts are 
used in wood (Fig. 5). Wood screws may ba\e ei- 
ther slotted or recessed heads. 

Self-tapping screws (Fig. 8) have a specially 
hardened thread that makes it possible for the 
screws to form their own internal thread in sheet 
metal and soft materials when driven into a hole 
that has been drilled, punched, or punched and 
reamed. The use of self-tapping screws eliminates 
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Fig. 7. Set screws. (From W. J. Luzadder, Fundamen- 
tals of Engineering Drawing, 4th ed,, Prentice-Hall, 
1959) 



Fig. 8. Three opplications of self-topping screws. 


costly tapping operations and saves time in as- 
sembling parts. 

Pipe thread. In the American standard (Briggs) 
taper pipe thread (Fig. 9), threads are cut (on a 
cone) to a taper of Me in./in. to ensure a tight 
joint. Although a normal connection employs a 
taper external and a taper internal thread, an 
American standard straight pipe thread having the 
same pitch angle and depth of thread as the corre- 
sponding taper pipe thread is used for pressure- 
tight joints for couplings, pressure-tight joints for 
fuel- and oil-line fittings, and for loose-fitting and 
free-fitting mechanical joints. Assemblies made 
with taper external threads and ^itraight internal 
threads are frequently preferred to assemblies em- 
ploying all taper threads; the assumption is made 
that relatively soft or ductile metals will adjust to 
the taper external pipe thread. A modified pipe 
thread, the American standard Dryseal pipe thread 

normal thread taper 1" In 16" 

engagement measured on diameter 


T 

pipe 
OD 

I 

effective thread length 

I 1 

overall length of external thread 

Fig. 9. American standard taper pipe thread. 


(taper and internal straight) is used for pressuie- 
tight connections that are to be assembled without 
lubricant or sealer. Except for a difference in the 
truncation at the roots and crests, the general form 
and dimensions of this thread are the same as those 
of the American standard taper pipe thread. The 
principal uses for the Dryseal thread are in re- 
frigerant pipes, automotive and aircraft fuel-line 
fittings, and for gas and chemical shells (ord- 
nance). For railing joints, where a rigid mechani- 
cal thread joint is needed, external and internal 
taper threads are used. Basically the external 
thread is the same as the American standard taper 
pipe thread except that the length of the thread is 
shortened at the end to permit use of the larger 
diameter portion of the thread. 

[w. j. luzadder! 
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SCUBA 

Self - Contained - Underwater - Breathing - Apparatus 
surh as the Aqualung (see illustration), exten- 
sively used by trained personnel as a tool for direct 
observation in marine research and underwater en- 
gineering. This equipment is designed to deliver a 
breathable gas mixture at the same pressuie as 
that exerted on the diver by the overlying water 
column. There is, therefore, no difference in pres- 
sure between the inteiior and exterior parts of hi^ 
bodv and he has no feeling of pressure regardless 
of depth. The gas which he breathes is earned in 
high pressure cylinders (at starting pressures of 
2000-3000 psi). Because the SCUBA diver is free 
from surface tending, he has much more maneuver- 
ability and freedom than the conventional “hard 
hat" diver. See Skin diving. 

SCUBA can be (la*«siried into three types: 
(1) ( losed-circiiil, (2) semic losed-circuit, and 
(3) open-( ire uit. In the first two, which use pure 
oxvgcn or various combinations of oxygen, helium, 
and nitrogen, exhaled gas is retained and passed 
ihiough a canister containing a COj absoibent for 
puiificatjori. It is then recirculated to a bag worn 
1)\ ihe diver for rebreathing. Additional gas to re- 
place that used b> the di\er during inhalation is 
supplied to ihe bag b> vaiious automatic devices 
fioin the high pressure cylindets These two types 
of ecfuipment are muc’h more efficienl than the 
open i irc uit system, whic h does not take advantage 
oi the unused oxygen in the exhaled gas, the un- 
used ox\gen being discharged directly into the 
water aftei breathing. The c losed and semiclosed- 
(iicuit tvpes ate, however, more complicated and 
ran he dangerous if they malfunction oi are used 
1)> inexperienced divers. The open-circuit system 
usually has c ompressed air, which is easy to obtain, 
as the breathing gas. This type is not as cftic ient as 
the other two systems, but for scientific, engineei- 



^ diver is shown wearing an Aqualung SCUBA# ex- 
posure suit# swim fini# and face mosk. Bubbles are 
from the exhoied air. (Photo by R. F. Dili U.S. Navy 
F/ectronfci Laboraforv) 
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ing, and sport diving it has been shown to be much 
^fer and is simpler in construction. The open-cir- 
cuit SCUBA is preferred by most scientists and en- 
gineers who work underwater because of its safety, 
the ease in learning its use, and its relati>ely low 
cost. See UNDf RWATFR PUOlOGRAPHY. [n. F. DILL] 

Sculpin 

Any of several species of fishes of the family Cotti- 
dae, characterized bv enlarged, flattened heads, 
and large pectoral fins. They do not have scales, or 
the scales arc reduced to vestiges. Most of the 
sculpins are marine, occuinng primarily in the 
colder seas, and most abundantly in the North Pa- 



The sculpin, or muddier, Coffus cognafus; length to 6 
in. (Fiom E L Palmer, Field book of Natural History, 
McGraw-Hill, 1949) 


c ihi The spec IPS of the one fresh-water genus. Cot- 
tus^ piefcr cool to cold water, and range southward 
in mountain sti earns of the O/arks and the Caro- 
lina*- Then daik mottled color, expansive pectoral 
hn**, big mouth, and enlarged he ad, set off by pre- 
opcTculat spines, give ihem a grotesque appear- 
ance Thev are known by many names, miller's 
thumb, blob, and muddler being among the more 
common The\ aie primarily ncutuinal and bottom- 
dwellers, hiding under locks during tlie daytime. 
See Pi 'll ItORMl s. [ j . D. BLAC K I 

Scurvy 

An acute or chronic disease due to vitamin-C 
(ascorbic acid) defic lency. Vitamin C aids in main- 
taining the proper metabolism of connective tissue, 
bone, and teeth, as well as the integrity of the 
walls Oi mall blood vessels. See Ascorbic acid; 
Specialized tissui*. 

« Infantile scurvy usually occurs between the sixth 
and twelfth months of life and is due to a lack of 
dietary vitamin, especially in artificially fed in- 
fants. The characteristic symptoms include irrita- 
bility, failing appetite, and failure to gain weight. 
The child cries when moved or handled and may 
not move a limb. Bony malformations of the ribs 
and legs follow severe deficiency, often accom- 
panied by a bleeding tendency. Hemorrhage, ane- 
mia, and infection are serioua complications. 

In adults scurvy is raiely due to dietary defi- 
ciency in normally fed populations, since 3-12 
months of severe deficiency are required to produce 
symptoms. These include weakness, weight loss, ir- 
ritability, vague pains, and a progressive bleeding 
tendency. Stress, infection, and hemorrhage may 
aggravate the situation. The diseg|»e is often related 
to chronic or severe gastrointestinal disease or to 
food idiosyncrasies. Any type of healing rmpiires 


90 SqqifcmMi 


incTetwed vitamin C supply, and infection simi- 
larly increases body demand. 

Response to treatment is dramatic and effective 
if permanent bone and tissue damafte has not pre- 
vailed. See Vitamin. f e. g. sTrARTl 

ScyphooBoa 

A cIms of the phvlum Coelenterata, containing 
five living orders — Stauromcdiisae. Cubomedusae. 
Coronatae, Semaeostomeae, and Rhizostomeae— 
and a fossil order. Stromatoporoidea. They are all 
marine and usually take two forms, the polyp, or 
wyphopolyp. and the medusa, or scyphomediisa. 
However, some are polyplike and sessile through- 
out their lives, while others are always pelagic and 
lack the sessile polyp stage. Among the Coelen- 
terata, the Scyphozoa are characterized by having 
well-developed medusae of large size and fairly 
nell-organired polvps of small size. In relation to 
me other classes in the subphylum Cnidaria. the 
.Scyphozoa stand higher than the Hvdrozoa and are 
more adapted to pelagic life than the Anthozoa. 

Morphology. .Sc>phopolyp<, are usually small in 
size. Sometimes thev form colonies bv asexual bud- 
ding and strobilation. Stepkanosnrphus. the polyp 
of Nausithoe, forms large colonies, sometimes at- 
taining 100 mm in height. The scyphopolyp is eom- 
poscd ^ three parts: oral disk. stem, and pedal 
disks. The oral disk is crowned by a circlet of ten- 
tacles and has a four-sided mouth at its center. The 
axes running from the four corners of the mouth 
are call^ perradii. Halfway between the perradii 
are the interradii. At each interradius of the polyp 
there is an infundibulum, a canal which leads down 
mto the st^. The mouth opens into the stomodeum 
which leads to the stomach. The .stem, which grad- 
ually narrows, then widens into the pedal disk. A 
muscular strand runs along each of the four inter- 
radial ridges of the stem. The pedal di.sk has manv 
gland cells that secrete a sticky fluid. 

Scyphomedusae are generally large. .Sometimes 
J, • " ***»“*«*«»■ of 1 m and ofteri weigh I.") 

kg. The scyphomedusa is composed of an upper 
part, the umbrella, and a lower part, the oral arms, 
^e convex upper surface of the umbrella is called 
the exumbrella; the concave inner surface, the 
subumbrella. The umbrella may have various 
sha^s. being disk-, cone-, or domelike. The margin 
of the umbrella is divided into many lappets 


(Fig. 1) in all orders except the Stauromedusae 
and Cubomedusae. Sensory organs, usually eight 
in number, are found between the lappets. Tenta- 
cles vary from eight to several hundred with the 
exception of the Rhizostomeae. which have no ten- 
tacles. The sensory organs are composed of a stato- 
cyst or vesicle containing a round inorganic con- 
cretion, and an ocellus, an organ composed of a 
lens, retina cells, and pigment cells. The tentacles 
have numerous nematocysts or nettle cells, espe- 
cially on the abaxial surface. The mouth, situated 
in the center of the subiimbrella, is surrounded by 
four simple lips in some forms, but ^nerallv there 
are four well-developed oral arms. oral arms 
are best developed and most complicated in struc- 
ture in the Rhizostomeae. in which the central mouth 
is generally closed. Instead, many small suctorial 
mouths lead inward from the surface of the oral 
arms by wav of canals. The mouth leads to the 
stomach, which is large and more or less cross- 
shaped. There are several rows of gastral filaments 
in each interradial section of the stomach. The 
gonads develop from endoderm cells just above the 
gastral filaments. Medusae are generally dioecious. 
Muscles are distributed mainly in the subumbrella 
and the tentacles. In the former, the most important 
muscles are the ring muscles, which contract the 
umbrella for locomotion of the medusa; in the lat- 
ter, ili(‘re are only longitudinal muscles, which ex- 
tend and contract the lyitacle to catch prey. 

Embryology. The ripe ova, which are liberated 
from the broken endodermal wall of the ovary, en- 
ter the stomach cavity and then are discharged 
from the mouth into sea water. Fertilization gen- 
erally occurs in sea water, but sometimes in the 
stomach cavity. Cleavage is mainly radial, and the 
endoderm is formed bv invagination, or epiboly (see 
Cleavage, embryonic). Tlie egg develops into a 
ciliated planula that swims freely. The planula of 
the Staun^medusae, however, larks cilia and creeps 
on the substratum. The planula attaches to seaweed 
or rocks and soon changes into a scyphopolyp, 
which grows gradually and increases its tentacles. 
The scyphopolyp generally produces more scypho- 
polyps by asexual budding. When fully grown, it 
metamorphoses into a strobila, which reproduces 
ephyrae asexually. The ephyra is a young medusa, 
and it undergoes further metamorphosis. Thus the 
life history of the scyphozoa shows alternation of 



generations (see Metagenesis). There arc excep- 
tions however, and the scyphopolyps of the Stauro- 
medusae metamorphose directly into combined 
forms of polyp and medusa, and the planula of the 
semaeostome genus, Pelagku changes directly into 
an ephyra. 

Physiology. The speed of the contractive move- 
ments of the medusa is influenced by temperatuta- 
Though some medusae are almost indifferent to 
light, most arc sensitive, especially Cubomedusae, 
Statocysts enable the medusae to maintain an up- 
right position. Chemical senses enable them to 
catch food although they have no gustatory or o|f 
factory structures. They are senntive to seveisl 
fatty acids and skatol but not to carboliydrstee* 



scyphopolyp 


scyphopolyp 
with stolon 



scyphopolyp 
with bud 







scyphopolyp 
forming strobilo 


strobilo 

Fig. 2. Life cycle of a scyphomedusa, Pelagia. 


Ecology. The scypliornedusae are generally 
found near the coast. Exceptions are Pclafiia and 
olht'i pelagic forms, and the Coronatae, which are 
ahvssaJ. Most of the Staiiromediisae have a circum- 
polar distribution, while the Cubomedusae and 
llliizoslomeac are found mostly in warm and tropi- 
cal seas. Scyphomedusae are carnivorous, except 
the llhizostonicae which are plankton-eaters. Food 
of medusae is mainly fish and crustaceans, but some 
medusae protect young fish and crustaceans which 
seek shelter among their oral arms. 

Some Semaeostomeae and Cubomedusae are in- 
jurious to man because of their nematocysts. On 
the other hand, some Rhizostomeae are used as food 
in the Orient. Sec Coelenterata. uciiida] 

Sea 

The term sea has several meanings: (1) the ocean: 
12) a major subdivision of an ocean {see Oceans 
and seas); (3) a lake lacking an outlet to the 
Dccan, therefore usually sally (5ce Lake) ; and 
(4) ocean waves still under the influence of the 
''■iiid that produced them, or a single such wave 
{see Ocean waves; Sea state). fj- lyman] 

Sea cucumber 

A name originally used for some common members 

the class Holothuroidea in which the body re- 
=^<^mbled a cucumber in shape. It has been ex- 
tjmded to cover all members of that class, including 
those with elongate, wormlike bodies, and others 
^hich have a flattened, ovoid body adhering to sub- 
^hal^s by a suctorial lower surface. See Echino- 
**KKMATA. 

Sea cucumbers are related to sea urchins and like 
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them have no arms; they fall into the subphylum of 
echJnoderms called Echinozoa and are charac- 
terized by a fundamentally elongate spheroidal 
body, with five-part meridional symmetry. See Echi- 
nozoa. 

The mouth is at one end, the anus at the opposite 
end, and the long alimentary canal is twisted into 
three loops. Sea cucumbers usually can adhere to 
objects by suckered tube-feet, though some lack 
these organs and live buried in mud. For the main 
features of their anatomy, see Holothuroidea. 

There are 1100 living species, classified in 
six orders. Some species are of commercial signif- 
icance as food, usually kni»wn then as trepang. 
The largest species reach L5 m in length; some 
species are very brilliantly colored, though most 
are blackish or gray. They feed on small floating 
organisms called plankton or on small organisms 
in mud; the tentacles which lie around the mouth 
are used for obtaining food. Sea ciu'umbers repro- 
duce sexually, the males and females releasing the 
sperm and eggs into the water, where fertilization 
occurs. A few species, mostly in the cold Antarctic 
seas, protect the young in pockets on the upper 
side of the female. Most species pass through some 
free-swimming stage of development, in which a 
ciliated larval stage plays a part. The larva may 
be of the auricularia type, or it may be barrel- 
shaped. with horizontal bands of cilia, termed a 
vitellaria. 



The tea cucumber, Thyone briareus; length to 4 in. 
(After Coe, 1912, from 7. /. Storer and R. L Usinger, 
General Zoology, 3d ed., McGraw-Hill, 1957) 


Many species have the power of casting out por- 
tions (or even the whole) of the internal organs 
if they are seized or lifted out of the sea. If the 
animal escapes, it is able to regenerate the lost- 
parts over a period of several months. 

Sea cucumbers probably represent a very andent 
stock of echinoderms, going back to the Paleoaoic. 
The most archaic types of sea cucumbers have the 
body enclosed in calcareous plates; such forms 
may he related to some of the other groupa of 
Paleozoic cchinozoans, such as the early sea* ur- 
chins, which also had a flexible, plated body, and 
the recently discovered Helicoplacoidca. See 
Helicoplacoidea; Perischoechinoidea. 

[H.B.ryLL] 
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Sea fan 

Any of several species of the order Corgonacea of 
the phylum Coelenterata. This is the group known 
as horn corals. 

Sea fans are of no use save for their ornamental 
appearance. They are highly variable in growth 
pattern and color Typicallv they are flattened and 
fanlike, and wave gentlv in the water because of 
their somewhat flexible skeleton In this entire or- 
der the typical stony skeleton of the corals is re- 
placed by a hornlike substance called gorgonin. 
which ii» similar to true horn but lower in sulfur 
content The living animals, or polvps, are ar- 
ranged along the surface of this horny base Struc- 
tural]> similar to the true corals, the polyps are 
different in that the> have only eight tentacles, 
each pinnatel> subdivided, and have a gastrovascu 
lar cavity divided by eight septa They occur 
mainlv in shallow, warm seas Often sea fans are 
associated with a varietv of c orals in the more col- 
orful undersea gardens. 

Sea fans are sessile, and only the immature 
planula larva is able to swim Reproduction is sex- 
ual or asexual The zygote develops into a planula, 
and this in turn develops directlv into the hvdioid 
form Medusae are unknown 

Sea whips and sea feathers belong to the same 
group, differing primarilv from the sea fans onlv 
in the skeletal pattern These are also sessile foims 

Sea pens and sea pansies are closely related to 
sea fans, but are more fleshv and have a central 
skeletal arrangement more on the order of a cen- 
tial shaft than a fan They belong to the order Pen 
natiilacea They ran move from place to place, but 
prefer soft or can bottoms Some sea pens are 
short and stout, while others grow to be 6 ft long, 
with the poUps bilaterally arranged on either side 
of a slender stalk Some sea pens move up and 
down on the c entral shaft with the flow of the tide, 
placing themselves in the best position to feed on 



The sea fon, Gorponio flobef/um; height to 20 in. 
(From P Marfm Duncan, ec/., Caiaolts Nafural Htsfory, 
CastoU) 


passing organisms. Sea pens are frequently highly 
luminescent, more so than any of the other Coelen- 
terata. 

The semiprecious red coral is a member of the 
order Corgonacea, having a skeleton of red lime- 
stone rather than one of gorgonin. See Coglentlr- 
ata; Coral; Gorgonacla. [j.d.b.] 

Sea horse 

Any of five or more species of small fishes of the 
genus Hippocampus , all are marine and are found 
throughout the warmer seas of the world. One spe- 
cies, H hudsonius, occurs from Florida northward 
to Nova Scotia. 



The sea horses. Hippocampus hudsonius, length to 6 in 
(From E L Palmer, Fieldbook of Natural History, 
McGraw-Hill, 7949) 

These strange little fishes, from 2 to 6 in long 
live hidden in seaweed or other vegetation, to 
which they cling with their unique prehensile tails 
They swim in an upright position by undulations 
of the small dorsal fin The tubular suctorial 
mouth adds to their horselike appearance The\ 
feed almost entirely upon crustaceans. The male 
has a brood pouch on the abdomen in which the 
are placed by the female The male carries the 
eggs until they hatch See Gastfrostliformes 

TJ-Db] 

Sea ice 

Ice in the sea includes sea ice, river ice, and land 
ice. Land ice is principally icebergs which are 
prominent in some areas, such as the Ross Sea and 
Bafiin Bay (see Iceberg). River ice is carried into 
the sea during spring breakup and is important 
only near river mouths. The greatest part, proba 
bly 99% of ice in the sea, is formed by the frees 
mg of sea water and is referred to as sea ice. 

Properties of sea ice. The freezing point tem- 
perature and the temperature of maximum density 
of sea water vary with salinity (Fig. !)• 
freezing occurs, small flat plates of pure ice free/r 
out of solution to form a netijfork which entfsp^ 
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Fig. 1 . Sea water. Graph showing change of freezing 
point and maximum density with varying salinity. 

brine in layers of eells. As the temperature de- 
cTeases more water freezes out of the brine cells, 
further concentrating the remaining brine so that 
the freezing point of the brine equals the tempera- 
ture of the surrounding pure ice structure. At tem- 
peratures of — 23®C (— 9.4®F) or lower some salt 
in the brine crystallizes out. 

The brine cells migrate and change size with 
change in temperature and pressure The general 
downward migration of brine cells through the ice 
sheet leads to freshening of the top layers to near 
zero salinity by late summer. During winter, the 
lop surface temperature closely follows the air 
temperature, whereas the temperature of the under- 
’'ide remains at freezing point corresponding to the 
salinity of water in contact. Heat flux up through 
the ice permits freezing at the underside. In sum 
mer, freezing can also take place under sea ice in 
regions where complete melting does not occur. 
•Surface melt water (temperature 0°C) runs down 
thiough cracks in the ice to spread out underneath 
and contact the still cold ice masses and underly- 
ing colder sea water. Soft slush ice forms with 
large cells of entrapped sea water which then so- 
lidifies the following winter. 

The salinity of recently formed sea ice depends 
rale of freezing, thus sea ice formed at — 10®C 
(14®F) has a salinity from 4 to 6 parts per thou- 
sand (®6o), whereas that formed at — 40®C may 
have a salinity from 10 to 15® oo. Sea ice a 
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Sea ice 

l^r conductor of heat and the rate of ice forma- 
tion drops appreciably after 4-6 in. are formed. 
An undisturbed sheet grows in relation to accumu- 
lated degree-days of frost. Figure 2 shows an em- 
pirical relation between ice thickness and the sum 
of the mean diurnal negative air temperature 
(®C). The thermal conductivity varies greatly with 
air bubble content, perhaps between 1.5 and 5.0 X 
10“’ g-cal/(cm) (sec) (®C). 

The specific gravity of sea ice varies between 
0.85 and 0.95 depending on the amount of en- 
trapped air bubbles. The specific heat varies 
greatly because changing temperature involves 
freezing or melting of ice. Near 0'‘C, amounts that 
freeze or melt at slight change of temperature are 
large and “specific heat” is anomalous. At low tem- 
peratures, the value approaches that of pure ice; 
thus, specific heat for 4®oo saline ice is 4.6 
g-cal/(g)(«C) at -2®C and 0.6 at -14*»C; for 
8®oo saline ice, 8.8 at — 2®C and 0.6 at — 14®C. 



Sea ice of high salinity may expand when cooled 
because further freezing out occurs with attendant 
* increase of specific volume, for example, ice of 
salinity 896o at — 2^C expands at a rate of about 
93 X 10 ^ per*’C decrease in temperature, at 
-“14®C expands 0,1 X 10“^, but at — 20®C con- 
tracts 0.4 X 10“^ per *^0 decrease. Qiange of spe- 
cific volume with temperature and salinity is illus- 
trated In Fig. 3. 

Sea ice is viscoelastic. Its elasticity varies widely 
due to brine content, which is very sensitive to tem- 
perature and to air bubble content. Young’s modu- 
lus measured by dynamic methods varies from 
5.5 X 10^® dynes/cm^ during autumn freezing to 
7.3 X 10*® in winter to 3 X 10*® at spring 
breakup. Static tests give much smaller values, as 
low as 0.2 X 10'®. The fexural strength varies be- 
tween 0.5 and 17.3 kg/cm* over salinity range of 
7-16^6 0 and temperatures -2 to — 19®C. 






Pig. 6. Hummocky Hoot that hovo woathorod. (U.$. Navy Hydrogrophic Office) 



Fig. 7. Unweathered pressure ridges. (U.S. Navy 
Hydrographic Office) 


Types and characteristics. The sea ice in any 

locality is commonly a mixture of recently formed 
ifc, old ice which has survived one or more sum- 
mers, and possibly old ridges of ice that formed 
against a coast and contain beach material The 
various descriptive forms are shown in Figs. 4-7. 
Except in sheltered bays, sea ice is continually in 
motion because of wind and current. It is con- 
stantly breaking up ; floes are driven together, raft- 
ing or piling one on another to form pressure 
ridges which may reach a thickness of 90 ft in the 
open sea, or if pressed against a beach may reach 
a thickness of 120 ft or more. Under wind stress 
there are always leads, or lanes of open water, 
nhich soon close while others open somewhere else. 

( W.LN.] 

Bibliography: A Functional Glossary of Ice Ter- 
minology, U.S. Navy H.O. 609, 1952; Ice Atlas of 
the Northern Hemisphere, U.S. Navy H.O. 550, 
1946, National Research Council, National 
Academy of Sciences Sea Ice Conference, 1958; 
Oceanographic Atlas of Polar Seas, Part 1, U.S. 
Navy H.O. 705, 1958; Proceedings of the Confer- 
cnre on Arctic Sea Ice, Natl. Acad. Sci.-Natl. Res. 
Council Publ. 598, 1958. 

Sea level (datum planes) 

Sea level is the elevation of the sea surface meas- 
ured as the vertical distance between the surfarc 
and some fixed point on land — a rocky outcrop on 
a beach, a mountain peak, or a reference point in- 
stalled by man. Mean sea level is the average ele- 
vation and is frequently used as a reference level 
In describing the elevation of points on land, or of 
depths in the sea. 

Mean sea laval. The surface of the sea is by no 
uficans a stationary spheroidal surface (see Sea 
t-EVF.L fluctuations), SO that the accurate deter- 
niination of its average elevation requires a long 
series of observations. Usually a recording tide 
8egc is installed, and the records arc read each 
hour for several weeks, months, or years. The rec- 
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ommended length of record, to eliminate as nearly 
as possible all tidal constituents, is 19 years. How- 
ever, shorter series are frequently used; the value 
BO obtained can often be adjusted to a more rep- 
resentative value of mean sea level by comparison 
with the records at a nearby gage (where sea level 
is accurately known) for the same period of time. 
Such a mean value, computed for observations for 
a stated period in time, has been adopted for 
United States surveying and is called sea level 
datum. See Geodesy; Surveying. 

If hourly values cannot be obtained, selected 
hourly values throughout each day may be used, 
with some loss of accuracy. On the other hand, if 
precise daily means are to be determined, the 
hourly values must be multiplied by weighting fac- 
tors determined from the known periods of the 
tidal constituents. 

Other datum planes. Other datum planes are 
used for special purposes. Half tide level is the av- , 
erage of all the highest and lowest readings during 
the period (called high and low waters). This was 
in early use before automatically recording gages 
wer#* generally distributed, and at many localities 
only the high and low waters were recorded by an 
observer. Mean low water and mean high water are 
the averages of all of the low waters and high wa- 
ters, respectively; half tide level lies midway be* 
tween these two means. 
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Diagram of tide curve showing diurnal Inequality in 
heights Oi waters and low waters. 

^ <When there is a large diurnal inequality in the 
tide (see Tide), mean lower low water is fre- 
quently uited as the datum on navigational charts. 
This is the average of only the lower of the two 
daily low waters, which makes it a safer reference 
to operators of vessels in tidal waters. Similarly, 
mean higher high water is the average of the higher 
of the two high waters each day and is a more re- 
alistic estimate of the daily excursion of water up 
a beach where the highs are quite different in eleva- 
tion. Other ^tum planes with* features useful for 
the particulai area are in use. H. A. Mgrmer 
(1951) has given a detailed treatment of the defi- 
nitions, determination, and usage of datum planes. 

[J.C.P.] 

BibUographyi G. W. Groves, Numerical fil- 
ters for discrimination against tidal periodicitiea, 
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1955 ; H. A. Manner, Tidal Datum Planes, Sth ed., 
USCGS Spec. Publ. 135, 1951 ; J. R. Rossiter, Note 
on methods of determining monthly and annual 
values of mean water level, Intern. Hydrograph. 
Rev., May, 1958. 

Sea level fluctuations 

The sea-level fluctuations first observed by man 
were surely waves; next he must have noted the 
rise and fall of the tides. But more concentrated 
attention (and carefully made records) reveal that 
the height of sea level is constantly changing and 
that its average value (mean sea level) will depend 
critically on the length of the series of observations 
and the period in time during which they are made. 
Furthermore, the sea surface is not even level. See 
Sea level (datum planes). 

Fluctuations in space. Concrete evidence that 
the sea surface is not perpendicular to a plumb 
line has been found by precision leveling along the 
Atlantic Coast of the United States (Fig. 1) 



Fig. 1. Elevation of mean sea level from north to 
south along the eastern coast of North America. 
Heights refer to the elevation at Florida. (Based on 
data from H. U, Sverdrup et al.. The Oceans, Pren^ 
fice^all, 1942) 

Effect of Coriolis acceleration. Sea level stands 
about 30 cm higher along the coast of Maine than 
it does off Florida, and the steepest slope occurs 
off Cape Hatteras, North Carolina. This occurs be- 
cause the water in the sea is always in motion. The 
motion of any fluid over the surface of the earth is 
influenced by the rotation of the earth itself ; fluids 
are deflected to the right (looking downstream) in 
the Northern Hemisphere, to the left in the South- 
ern Hemisphere. This effect results from the Cori- 
olis acceleration. See Coriolis acceleration and 
FORCE. 

Offshore from the east coast of the United States 
the Gulf Stream flows northward, but inshore, on 
the continental shelf, flow is to the south. The wa- 
ter is then deflected to the west and piles up along 
the coast. More water piles up along the New Eng- 
land and Middle Atlantic States where southward 
flow is greatest; less, south of Cape Hatteras where 
the northward-flowing Gulf Stream lies closer to 
shore. 

This effect is not confined to continental coasts. 
Each of the major oceans contains at least one cur- 
rent gyre where the water flows more or less con- 
tinually around in a circle. In the Northern Hemi- 
sphere, if the flow is clockwise, water will collect 
in the center of the gyre until the deflecting force 


of the earth’s rotation is just balanced by the 
gravitational force urging the water to run down- 
hill out of the center of the gyre. On the other 
hand, if the flow is counterclockwise, there will be 
a lowering of sea level in the center of the gyre. 
See Ocean currents. 

In the North Atlantic, for example, sea level 
must stand higher near Bermuda, which lies near 
the center of a clockwise gyre, than it does south- 
east of Iceland, where the water is revolving in a 
counterclockwise flow. It is not known exactly how 
large this difference in elevation is, because the 
precision leveling network has not yet been ex- 
tended out over the open oceas\. From oceano- 
graphic measurements the difference is estimated 
as between 1 and 2 m. 

If the Coriolis effect were the only important 
factor, then the sea surface could be visualized as 
a nearly smooth surface approximately perpendic- 
ular everywhere to a plumb line, but with rises of a 
meter or less near Bermuda, off Japan, and also in 
middle latitudes of the Southern Hemisphere. 
There would be dips in the elevation of the sea sur- 
face off Iceland, in the Gulf of Alaska, and near 
the Antarctic Continent, which is girdled by a great 
clockwise flow. 

Effect of atmospheric pressure. Sea level also < 
deviates fntm the mean, however, under the influ- 
ence of differential atmospheric pressure. If pres 
sure is high over one area of the ocean and low 
somewhere else, the|(vater will lend to flow toward 
the low-pressure area. Thus the sea surface be 
haves as an inverted barometer; it stands high 
where air pressure is low, and low where air pres- 
sure is high. See Air pressure; Atmospheric 
high; Atmosphfric low. 

A difference in air pressure of 1 millibar corre 
sponds very nearly to a difference in sea level of 
1 cm. Owing to the average distribution of air pres- 
sure, this effect tends to reduce the current-induced 
differences in elevation just considered. That is, off 
Iceland the air pressure is low. Near Bermuda and 
the Azores, air pressure is high. The average dif- 
ference is about 20 millibars, so that if this effect 
alone were acting on the sea its surface level would 
be 20 cm higher off Iceland than near Bermuda and 
the Azores. The actual difference in level must 
show the combined effects of the forces related to 
the relative motions of the earth and the ocean 
waters (Coriolis effect) and the force resulting 
from differences in atmospheric pressure from 
place to place. 

Barriers and density differences. A third effect 
can be observed where parts of the sea surface arc 
separated from each other by a land barrier. 
cise leveling across the continent of North America 
shows that sea level is about 50 cm higher on the 
Pacific than on the Atlantic side of the continent 
Currents and winds probably cause part of this 
difference in level but another important factor is 
the difference in the density of the sea water. 

Water, including sea water, expands and 
tracts with chanaing temoeratuse. In the sea ih^ 



effect is complicated by the presence of the salt, 
since a mass of water also takes up more or less 
room as the relative salt content is changed. Fur- 
thermore, the two effects are not completely inde- 
pendent, but as treated here they may be consid- 
ered so. Thus, when sea water is cold and salty it 
will take up less space per unit mass and hence 
stand at a lower level than when it is warm and 
fresh. See Sea water. 

Let it be assumed that somewhere very deep in 
the oceans all isobaric surfaces (surfaces of con- 
stant pressure) are level. This is equivalent to say- 
ing that any two water columns that are of the 
same area and contain the same mass of water will 
have their bases on a common level surface. This is 
nearly true wherever the columns may be oi what- 
ever the temperature and salinity distributions may 
he. However, if the water in one column is less 
dense than in the other, its surface will stand higher. 

Fluctuations in time. The height of sea level at 
a given point changes from second to second, hour 
to hour, even century to century. The slowest regu- 
lar changes in sea level that are large enough to be 
readily observed by eye have periods of approxi- 
mately 12 and 24 hours. .See Tide. 

Short-period variations. Less regular than tides 
are fluctuations where the period is beveral davs to 
a week or two. These are caused by the moving 
high- and low-pressure systems in the atmosphere; 
ihev are another example of the sea in its role as 
an inverted barometer. As a low-pressure area 
moves in over the coast, sea level rises; as the low 
pressure moves inland and a high pressure overlies 
the coast, sea level falls again. The area of sea 
•surface that rises and falls is controlled by the 
size of the meteorological disturbance, and has a 
diameter, usually, of a few hundred kilometers. 
The height of the variation in level is dependent on 
the pressure difference in the atmosphere and may 
be 10 or 20 cm— sometimes greater. 

Occasionally very large and destructive rises in 
•^ea level that last for one or .several days occur in 
connection with severe atmospheric storms. It has 
^ cen estimated that more than three-fourths of the 
loss of life that has resulted in hurricanes has liecn 
caused by the inundations from storm waves, rather 
than by the direct effects of the high winds. These 
''torm waves are partly induced by the low central 
pressures in the eye of the .storm and are partly the 
result of water being driven onshore (especially 
over shoaling bottom areas) by the winds. See 
‘^rORM SPRCE. 

Annual variations, A more strictly periodic vari- 
dtioTi, although not nearly so striking, is the fluctu- 
ation which has an annual period. Sea level is high- 
in autumn, lowest in spring, over all middle 
latitude areas of the sea. This means, of course, 
*hat when sea level is high along the coast of the 
llniied States, Europe, and Japan (northern au- 
tumn, southern spring), it is low along South 
South Africa, and Australia. 

The average annual change in level is 20 cm al- 
though it varies from almost zero at some equato- 
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rial islands to more than 1 m along the north shore 
of the Bay of Bengal. The oscillation seems to be 
smaller at mid-ocean near offshore islands (in the 
open ocean) than at continental coasts, but it has 
the same phase in either case. That is. in Septem- 
ber, sea level is high all across the Atlantic Ocean 
from the United States to Europe, between lati- 
tudes 20-40° N. At the same time it is high in the 
same general band of latitude across the North 
Pacific, but low in the middle latitudes of the 
Southern Hemisphere. 

North of 40°N a similar oscillation of about 
equal amplitude occurs, but not at the same time. 
That is, the maximum heights are observed in win- 
ter and the lowest levels in summer. Data in the 
Southern Hemisphere are inadequate for determin- 
ing whether a similar change of time of maximum 
occurs at high southern latitudes. The vaiiations 
in the two zones of the Northern Hemisphere are 
illustrated in Fig. 2. 
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Fig. 2. ‘>ea$onal /ariations in sea level. 

There are as yet insufficient data on ocean cur- 
rents to compute the annual variation in the effect 
of Coriolis acceleration except at one or two loca- 
tions. Data from the United States east coast and 
Bermudn mdicate the changing speed of the Gulf 
Stream is piobably closely related to differences in 
the slope between these two points, but this effect 
-cannot explain why the level should rise at the 
coast and at Bermuda at the same time. 

In most locations annual variations in atmos- 
pheric pressure are not large enough to account 
for the annual change in sea level as an inverted 
barometer effect. (One must be careful to exclude 
from this computation annual changes in the total 
air mass over all the oceans of the world. Sea wa- 
ter is almost incompressible, and only relative 
changes from one part of the. sea to another can 
cause appreciable changes in sea-surface eleva- 
tion. The known migration of air mass to conti- 
nents during winter and back over the sea during 
summer must be excluded.) Even near Japan and 
Iceland, where pressure changes throughout the 
year are large, only about one-third of the sea-level 
change can be attributed to the dffecU of atmos- 
pheric pressure. In many parts of the world, in- 
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deed, the air pressure changes should cause the sea 
surface to move up when it is moving down, and 
vice versa. 

In middle latitudes the density of sea water 
changes measurably throughout the year. At the 
end of summer the upper 400 m of the sea water 
has become several degrees warmer than it is 
at the end of winter. This warmer water stands 
some 10-20 cm higher than the same mass of 
cool water does in winter. This effect accounts for 
about twd-thirds of the measured rise in sea level in 
middle latitudes. 

In the more northerly parts of the northern 
oceans (where the maximum height occurs 3 
months later than in middle latitudes), the sea- 
sonal changes in ocean temperature are neither 
large enough nor at the right time to explain the 
observed variations. 

Seasonal changes in salinity usually have a much 
smaller effect than the changes in temperature. 
One area where this statement does not hold is in 
the Bay of Bengal, where the largest seasonal 
changes in sea level are observed. Here the summer 
monsoon is accompanied by very heavy rainfall and 
onshore winds. These effects combine to form a 
lens of low-salinity water near the coast in summer, 
which is replaced by cool, high-salinity ocean wa- 
ter in winter. Most of the observed changes in 
height are due to the low salinity of this fresh- 
water lens, although its high temperature and the 
onshore winds that prevail at that season are prob- 
ably also factors. 

A fourth possibility must be considered. In dis- 
cussing salinity above it was tacitly assumed that 
the total mass of water plus salt in the oceans re- 
mains constant throughout the year. Certainly if 
a particular area is considered this may not be 
true. After all, changes in salinity are largely 
brought about by seasonal changes in evaporation 
or precipitation, such as the removal or addition of 
fresh water near the surface; this may not be com- 
pletely compensated by internal flow. 

Furthermore, there is some slight evidence that 
even the total mass of fresh water in the oceans 
is not constant throughout the year. Both oceano- 
graphic evidence and hydrological estimates sug- 
gest that there is less water in the oceans at the end 
of Northern Hemisphere winter in March. 

The data indicate that this water is held on the 
large continents in the form of snow and ground 
water, and gradually returned to the sea during 
summer months. A similar effect must occur in the 
Southern Hemisphere, but the land masses in cool 
regions of the Southern Hemisphere are not nearly 
so large and therefore not so effective in storing 
moisture during the Southern Hemisphere winter 
season. 

The amount of water involved is very great, but 
spread over all the oceans of the world it would 
change the average heifi^t of sea level by only 1 or 
2 cm. Because this change in level is so smalls 
measurement from the sea-level data cannot be 
considered reliable, but the oceanographic and hy- 


drological estimates agree in both magnitude and 
phase. 

The problem of the causes of the annual varia- 
tion in sea level cannot be considered solved. As a 
case in point, if sea level is high in the Northern 
Hemisphere while it is low in the Southern, what is 
the force acting to maintain this slope? 

Long-period variations. Still slower changes in 
sea level have been observed, although these be- 
come more difficult to discuss quantitatively be- 
cause continuous observations are not yet available 
over all oceans. 

Long records from recording gages exist only in 
Europe, the United States, Japan^ and Indonesia. 
These show that sea level may rise more or less 
continuously for several years, rising perhaps as 
much as 1 m, and then suddenly or slowly subside 
again. Another form of evidence, ancient beach 
lines, suggests that in earlier centuries sea level 
was several, perhaps tens of meters, higher than it 
is today. The causes for these changes cannot be 
explained until there is more complete information 
on their geographical extent, when they took place, 
and how long the changes persisted. For example, 
slow changes in sea-level elevation may have 
been caused, and may again be caused, by the melt- 
ing or refreesdng of the gigantic Antarctic and 
Greenland icecaps, which contain enough water 
to raise the sea level by several tens of meters. See 
Coastal landforms; Warping, earth crust; see 
also Glacial Epociif Glacier; Hydrology. 

rj.c.p.i 

Sea lion 

Either of two large seals belonging to the family 
Otariidae, the eared seals, both living in the Pa- 
cific. The California sea lion, Zalophus californi- 
anus^ occurs off the coast of southern California, 
as well as in New Zealand, Australia, and Japan 
It frequents rocky shores and sandy beaches, 
where its honking bark is repeated almost continu- 
ously. Males arc about 8 ft long, the females some- 
what smaller. The fur is brown. 



The Steller sea lion, Eumetopias jubafa; length to 10 
(From E, L Palmer, Fieldboek of Natural History^ ^ 
Graw-Hill, 1949) 



The northern, or Steller, sea lion, Eumeiopias 
jubata, is yellowish-brown and bomewhat larger, 
the males reaching a length of 10 ft. It does not 
bark except when disturbed. The northern sea lion 
ranges from central California and Japan north- 
ward to the Bering Strait. Although the fur of 
sea Hons is of little value, they are bometimes 
hunted for fertilizer and dog food. See Carni\ora; 
Sfal (zoology). [jd-b.] 

Sea squirt 

Any member of the class Ascidiacea, subphylum 
Tunicata, phylum Chordata. 

The sea squirts, or ascidians, are a relatively un- 
important group of marine animals, but are of con- 
siderable interest to zoologists. The young are of 
some value as fish food, and in a few places the 
larger species are bometimes used as food for man 



The sea squirt, Bofryllus sp ; diameter 1 in (From 
P Martin Duncan, ed , CasselPs Natural History, 
Cassell) 

Va squirts are hermaphroditic, but the eggs 
must be fertilized by sperm from another individ 
ual The egg develops into a small, transparent 
larva, strikingly similar to a small tadpole in ap- 
pearance and exhibiting at this stage all the fun- 
damental characteristics of the Chordata. After 4 
^avs of free-swimming life, the larva settles to the 
hultorn, attaches to the substrate, and undergoes a 
retiogiade metamorphosis which results in a ses- 
sile animal, without a notochord, and with only a 
vestige of a central nervous system. The adult is 
iitudlly reduced to an enlarged pharynx, with 
nian> gill slits. It is supplied with water from an 
Midirrent siphon connected to a short, simple in- 
testine which opens, along with the atrial cavity, 
^nto an excurrent siphon. A tough test, or tunic, en- 
j'losc^ ihe entire animal. 

^ea squirts live in all the seas of the world at 
'arions depths, tending to occupy deeper water in 
polar limits and shallow water in the tropics 
There are both solitary and colonial species of 
varying size. See Chordata; Tunicata. [j.d.b.] 

State 

Ibe description of the ocean surface or state of the 
‘^a surface with regard to wave action. Wind waves 
sea are of two types: those stUl growing un- 
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der tile force of the wind are called sea; and those 
no longer under the influence of the wind that pro- 
duced them are called swell. Differences between 
the two types are important in forecasting ocean 
wave conditions. Properties of sea and swell and 
their influence upon sea state are described in this 
article. For a discussion of wave characteristics and 
mechanics of wave motion see Wave motion in 
LIQUIDS. 

Sea. Those waves which arc still growing un- 
der the force of the wind have irregular, chaotic, 
and unpredictable forms (Fig. lo). The uncon- 
nected wave crests are only two to three times as 
long as the distance between ciests and commonly 
appeal to be traveling in different directions, vary- 
ing as much as 20® from the dominant direction. 
As the waves grow, they form tegular series of con- 
nected troughs and crests with wave lengths com- 
monly ranging from 12 to 35 times the wavQ 
heights Heights rarely exceed 55 ft. The appear- 
ance of the sea surface is described as state of 
the sea (see Table 1) 

The height of a sea is dependent on the strength 
of the wind, the duration of time the wind has 
blown, and the fetch or distance of sea surface over 
whic h the wind has blown See Oc fan wavfs. 

Swell. As sea waves move out of the generat- 
ing area into a region of weaker winds, a calm, or 


Tibia 1. Saa haight coda* 

Code Height, ft Dcscnplion of sea surface 


0 0 

1 1 

2 1-3 

3 3 5 

4 5-8 

5 8-12 

. *6 12-20 

7 20-40 

8 40+ 

9 


Calm, with mirror-smooth surface 
Smooth, small wavelets or ripples with 
appearance of scales but without 
crests 

Slight, short pronounced waves or 
small rollers, crests have glassy ap- 
peal ante 

Moderate, waves or large rollers; scat- 
tered whitecops on wave cresia 
Rough, u aves with frequent whitecaps; 
r hance of some spray 
Very rough, waves tend to heap up, 
continuous whitecappmg, foam from 
whitecaps occasionally blown along by 
wind 

High, wa^es show visible increase in 
height, with extensive whitecaps from 
which foam is blown in dense streaks 
Very high, waves heaping up with long 
frothy crests that are breaking oonttn- 
uously, amount of foam being blown 
from the crests causes sea surface to 
take on white appearance and may 
affect visibility 

Mountainous, waves so high that ships 
close by are lost from view in the wave 
troughs for a time: wind carries off 
crests of all waves, and sea is enlirdy 
covered with dense streaks of foam; 
air so filled with foam and spray as 16 
affect visibility seriously 
Confused, waves cross each other ftom 
many and unpredictable diractkms, 
devdoping complicated inteiferenoe 
pattern that is difficult to describe; 
applicable to oondi}iions 8-9 


s Modified from inf fnielkm MdRiief foe Chmmtestfshw 
H.O. Publ. 607. 2d ed., 1958. 
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Tabit 2. SwaH-condiOcNi code* 


Code 

Description 

Height, ft 

Length, ft 

0 

No swell 

0 

0 


Low swell 

J-6 


1 

Short or average 


0-600 

2 

Long 


600+ 


Moderate swell 

6-12 


S 

Short 


0-300 

4 

Average 


300-600 

5 

Long 


600+ 


High swell 

12+ 


6 

Short 


0-300 

7 

Average 


300-600 

8 

Long 


600+ 

9 

Confused 




* InMiruelion Manual for Oceanographic Obsrnaiions, 
H.0 Publ 607. 2d ed . 1955 


Dppo<%ing winds, then height deci eases as thev ad- 
vance. their crests become rounded, and their sur- 
face is smoothed (Fig. 16). These waves are more 
regular and more predictable than sea waves and. 
in a seiies. tend to show the same form or the 
same trend in characteristics Wave lengths gener- 
alh range from 3S to 200 times the wave heights 

The piesence of swell indicates that recently 
there may have been a strong wind, or even a se- 
vere storm, hundreds or thousands of miles away. 
Along the coast of southern California long-period 
waves are believed to ha\e traveled distances 
greater than SOOO miles from genet ating areas in 
the South Pacific Swell can usually be felt by the 
roll of a ship and, under certain conditions, ex- 
tremely long and high swells may cause a ship to 
take solid water over its bow regularly in a glassy 
sea. 

A descriptive classification of swell waves is 
given in Table 2 When swell is ob^'cured by sea 
wa\es, or the components are so poorly defined that 


it is impossible to separate them, it is reported as 
confused. 

ln-b«tWMn state. Often both sea waves and 
swell waves, or two or more systems of swell, are 
present in the same area (Fig. Ic). When waves of 
one system are superimposed upon those of an- 
other, crests may coincide with crests and accen- 
tuate wave height, or troughs may coincide with 
crests and cancel each other to produce flat rones 
(Fig 2). This phenomenon is known as wave inter- 
ference, and the wave forms produced aie extremely 
irregular. Wheie wave systems cross each other at 
a considerable angle, the apparently unrelated 
peaks and hollows are known as a cross sea. 

Breaking waves. The action of strong winds 
(greater than 12 knots) sometimes causes waves in 
deeper water to steepen too rapidly. As the height- 
length ratio becomes too large, the water at the 
crest moves faster than the crest itself and topples 
forward to form whitecaps. 

vwwww^ 

Fig. 2. Wave patterns resulting from interference 
(o) Interference of waves of equal height and nearly 
equal length, forming wave groups, (h) Interference 
between short wind waves and long swell. {From 
Techniques for Forecasting Wind Waves and Swell, 
H.O. PubL 604, U,S. Navy Hydrographic Office, 1951) 




(b) swell waves 



(c) 
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FI9. 1. (a-c) Rarardi pf surface waves. (Adopted from Oeoan Wavoi. H.O. Publ. d03, U.S. Navy HydtO^’ 

W. J. PiorMoiti Jr. of of., Obtorving and Foroeatflng graphic OtRea, 1955) 


Breakers. As waves travel over a gradually shoal- 
ing bottom, the motion of the water is restricted 
and the wave train is telescoped together. The wave 
length decreases and the height first decreases 
slightly until the water depth is about one-sixth the 
deep-water wave length and then rapidly increases 
until the crest curves over and plunges to the water 
surface below. Swell coming into a beach usually 
increases in height before breaking, but wind waves 
are often so steep that there is little if any increase 
in height before breaking. For this reason, swell 
that is obscured by wind waves in deeper water 
often defines the period of the breakers. 

Surf. The zone of breakers, or surf, includes the 
region of white water between the outermost 
breaker and the waterline on the beach. If the sea 
is rough, it may be impossible to differentiate be- 
tween the surf inshore and the whitecaps in deep 
water jiihl beyond. [n. a. bknfkkI 

Bibliography: W. Bascom. Ocean waves. Sri. 
American^ 201 (2) :75 -84. 19.'S9; G. E. R. Deacon, 
Ocean waves. Endeavour^ 17(67) :134-139, 1958. 

Sea urchin 

A marine invertebrate belonging to the class Echi- 
noidea, phylum Echinodermata. This class includes 
the sea urchins, heart urchins, and sand dollars. 
There are about 860 living species. .SVc Eciii- 
NODKKM ATA ; EcHINOlOr. A. 



The sea urchin. (From T, I. Storer and R. L Usinger, 
General Zoology, 3d ed., McGraw-Hill, 1957) 

The sea urchins are of some economic inipor- 
lanee, as they are often utilized for food. In Chile, 
Japan. China, and elsewhere they form the basis 
<^f extensive fisheries of sufficient significance to 
rcijiiire annual review by United Nations Food and 
'Agriculture agencies. Their eggs and young are 
frequently used in experimental embryology stud- 
ies. 

The rounded body is covered by many sharp, 
movable spines. Some sea urchins have spines 
^hich are attached to poison glands and may inflict 
^ painful wound if stepped on. The fundamental 
five-sided pattern of the phylum is shown in the 
ambulacra, which are equipped with a double row 
*»f tube- feet, corresponding to the aims of the star- 
fish, Pedicillariae are scattered over the body and 
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keep it free of foreign matter. The shell is made up 
of 10 double rows of plates. A five-sided skeletal 
framework, each side bearing a strong tooth, makes 
up the food-securing and crushing apparatus sur- 
rounding the mouth. It is the skeleton of this mouth 
apparatus that is often found on the beach and 
is known as “Aristotle’s lantern.” Some orders lack 
the lantern. [h. b. fell] 

Sea wall 

A structure at the water’s edge to resist encroach- 
ment of the sea and to retain the natural soil or de- 
posited fill behind the wall. A usual type of sea wall 
has a sloped or inclined face toward the sea to de- 
flect and dissipate the wave forces. Sometimes it 
resembles a breakwater. Timber, steel, and concrete 
are used in a variety of forms. Failures sometimes 
occur because of scouring and eventual undermin- 
ing at the oiitshore face or because of wave over- 
topping during highest tides. See Coastal enci-« 

NF.F.RTNC;. fE. j. QUIRIn] 

Sea water 

Water is most often found in nature as sea water 
(^98%). The rest is found as ice, water vapor, 
and as fresh water. Sea water is an aqueous solution 
of salts of a rather constant composition of elements. 
Its presence determines our climate and makes life 
possil>1e on earth. The boundaries of sea water arc 
the boundaries of the oceans, the mediterranean 
seas, and their embayments. The physical, chemi- 
cal. biological, and geological events in the hydro- 
plane within these boundaries are the studies which 
are grouped together and called oceanography. The 
basic properties of sea water, the distribution of 
these pr iperties, the interchange of properties be- 
tween s»*a and atmosphere or land, the transmis- 
sion of energy within the sea, and the geochemi- 
cal laws governing the composition of sea water 
and sediments are the fundamentals of oceanog- 
raphy. 

The discussion of sea water which follows is 
divided into six sections: (1) physical properties 
of sea w£rer; (2) interchange of properties be- 
tween sea and atmosphere; (3) transmission of 
•energy within the sea; (4) compositton of sea 
water; (5) distribution of properties; and (6) 
sampling and measuring techniques. For further 
treatment of related aspects of physical character, 
composition, and constituents see Hydrosphere, 
GEOCHEMISTRY OF; MaRINE RESOURCES; SeA WATER 

fertilixy ; Underwater sound, 

PHYSICAL PROPERTIES OF SEA WATER 

Sea water is a rather concentrated solution of 
salts in water, the most variable part of which is 
the water. The basic properties of water, such as 
density, specific volume, compressibility, electric 
conductivity, sound velocity, viscosity, surface ten- 
sion, and others, depend upon temperature, salinity, 
and pressure. The basic properties of pure water 
are rather abnormal con^iared with other flukU be- 
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cause of the high dipole moment of the water mole- 
cule (see Water). The properties of water are 
remarkably changed by the salt content. The col- 
ligative properties — osmotic pressure, lowering of 
freezing point, increase in boiling point, and lower- 
ing of vapor pressure — depend only on the number 
of molecules in solution. As the composition of the 
salts of sea water is nearly constant, the colligative 
properties depend only on the ratio of dissolved 
salts to solvent (pure water). 

Basic properties. Some of the more important 
physical properties of sea water and their relation 
to temperature, salinity, pressure, and other vari- 
ables are discussed. 

Density and specific volume. In oceanographic 
practice, the specific gravity of sea water (p, g/ml) 
is reported, although it is conventionally described 
as density. The density depends upon the pressure, 
temperature, and salinity of the specimen. Pressure 
is conventionally specified as sea pressure p in 
oceanographic work ; that is, the physical pressure 
is p + 1 atm when the sea pressure is p. Tempera- 
ture T is given in degrees Celsius and salinity 5 
in parts per thousand by weight (Ho). Instead of 
density in g/ml, the grams excess over 1 kg per 
liter 

cr = lOOO(p-l) 

is usually reported; the specific volume (ml/g) 

Of * 1/p 

may also be used. Its dependence on 5, f, and p 
is indicated by subscripts, and the specific volume 
anomaly 

8 ® «»,r.p — 0,39, o,jf 

is often tabulated. To a number of significant fig- 
ures that is entirely adequate for all purposes of 
oceanography, the specific volume anomaly is iden- 
tical in either cm^/g or ml/g, although a values in 
g/ml are about 0.03 units higher than those in 
g/cm^. 

In modern oceanographic practice, the primary 
observations are S, T, and depth d, from which a 
(or 8) is calculated using standard tables and em- 
pirical formulas. The salinity is determined to four 
significant figures (for example, 34.829^ o) either 
by Mohr titration of the halides or by measurement 
of the electrical conductivity; temperature is meas- 
ured to 0.01 ®C, and depth to 1 m (equivalent very 
nearly to pressure of 0.1 atm or 1 decibar). For 
computation of the quantity o, which is expressed 
to four significant figures (for example a = 29.15), 
the depth d is taken as numerically equal to pres- 
sure p in decibars. See Titration. 

This conventional four-figure precision in a 
should not be interpreted as indicating that spe- 
cific gravity values for sea water arc known to an 
accuracy of one part in 10» at all depths. Thus, 
it is very doubtful that the density of sea 


water at elevated pressures has ever been 
determined in the laboratory to a precision 
better than Air » db0.20. At atmospheric pressure, 
the corresponding probable error may be as small 
as Air dbO.Ol, but the probable error increases 
rapidly with pressure. 

There is some uncertainty as to the need for and 
justification of the conventional precision of cal- 
culation. The geostrophic current theory is often 
cited as the source of the requirement; however, 
the known errors inherent in this theory are large, 
and no final conclusion on the question of need is 
yet possible. The known errors in the tables and 
formulae are so great that convention is the only 
possible justification for the accepted calculation. 

Errors also enter these calculations because the 
chemical composition of sea water is not uniquely 
determined by salinity (or chlorinity) ; these 
errors are all small compared to those mentioned 
above. 

Compressibility: Thermal-saline factors. It has 
been suggested that the observational data be re- 
duced with calculations based on compressibility 
and coefficient of thermal expansion. According 
to the geostrophic theory, the surface currents de- 
pend primarily on thermal expansion (Ba/BT) and 
saline contraction (— dir/dS), and are independent 
of the isothermal compressibility (— d«/dp). Un- 
fortunately, only compressibility has been meas- 
ured at elevated pressures. The other two coeffi- 
cients have been measured only at atmospheric 
pressure and are calculated at elevated pressures 
from the compressibility measurements. This cal- 
culation is subject to large cumulative error, and at 
p = 1000 atm, Ba/BT and Ba/Bp are known to little 
more than order of magnitude. 

These two coefficients also determine the stabil- 
ity of the stratification of the oceans. There is an 
undoubted need for more precise measurements of 
these quantities at elevated pressures. 

Velocity of sound. Because of its importance in 
echo sounding and echo ranging, the velocity of 
sound in water (meters per second) has been the 
subject of numerous investigations. Calculations 
based on the isothermal compressibility claim an 
accuracy of about 1.0 m/sec; these have led to 
various tables, such as that of S. Kuwahara (1939). 
Laboratory measurements can be made to an ap- 
parent accuracy of less than 0.1 m/sec, but as 
yet, different experimenters obtain values that dif- 
fer by more than 0.5 m/sec. There is general agree- 
ment that Kuwahara’s values are systematically 
low by several meters per second. 

Specific heat. The specific heat (constant pres- 
sure) of sea water has been measured at atmos- 
pheric pressure and 17.5^C, as a function of salin- 
ity. The dependence on pressure can be calculated 
from a thermodynamic formula that involves the 
thermal expansion coefficient ; since present knowl- 
edge of this coefficient is scant, the calculation can- 
not be made reliably at present. 

Electrical conductivity. Of all physical proper- 
ties of sea water, it seems that ‘electrical condno- 
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tivity can most easily be measured precisely (at 
atmospheric pressure). For this reason, there is a 
growing tendency to use conductivity rather than 
chlorinity to characterize small differences be- 
tween various samples of sea water. An electrical 
conductivity salinometer has been designed to 
measure conductivity and the conductivity method 
of determining salinity is gaining general accept- 
ance in oceanographic work. [c. fxkart] 

Colligative properties. The colligaiive property 
of sea water most readily determined is freezing- 
point (or melting-point) lowering at 1 atm pres- 
sure (At). Although it is a rather complicated 
function of chlorinity or salinity, it is readily 
obtainable from expressions of the form 

At = — ftZ 

where Z is grams of salt per kilogram of solvent 
water. 

The linearity has been shown to hold down to 
The quantity Z can be obtained from chlo- 
linity by 

73+1811Cl^ 

* 999.927- 1.8110a%o 

Three valiie*^ of k have been repoited. J. T.vman 
and R. H. Fleming (1940) found 0.05241 from 
nicdsiirements made b\ Hansen (in M. Kntidsen, 
1903). Y. Miyake (1939) obtained results that 
>icld k = 0.05474. A. Assur (1958) calculated the 
value 0.05411 from measurements by Nelson and 
T. G. Thompson. It is not clear whether these dif- 
ferences result from variations in experimental 
technique or represent real differences between sea 
water from different areas. 

Vat)or pressure lowering, Ac, was computed by 
R. Witting (1908), from theoretical considerations 
and Hansen’s freezing points, to be 

Ae/e - 0,000537S%o 

where e is the vapor pressure of pure water at the 
Jemperature under consideration. This expression 
i^ equivalent to 


Ae/e - 0.00097C19<;o 

Howevei, direct measurements at 25®C by R. A. 
Robinson (1954) are better satisfied by 

Ae/e - 0.0009206C1 + .00000236C1* 
or Ae/e - 0.0005072Z + .00000019Z* 

From the measurements at higher temperature by 
A. B. Arons and C. F. Kientzler (1954), it can be 
<‘omputcd that the boiling point of sea water at 1 
atm pressure is raised about 0.018®C for each unit 
^>f chlorinity. 

Osmotic pressure at 0®C is readily obtainable 
from freezing point data by 

wo - -12.08 At 
and at any other temperature from 




ro 


(273 + 1) 
273 


or it can be obtained from vapor pressure data by 


RT , e — Ae 

" "" 1 » 

V e 

where R is the gas constant, T absolute tempera- 
ture, and V the partial molal volume of water, which 
can be taken as equal to the molar volume of pure 
water at the temperaiure in question. 

The freezing point of sea water of salinity 35 9^ o 
is — 1.909®C (Hansen). Its osmolality is 1.909-5- 
1.86 or 1.026. The gram-ionic concentration at 
salinity 35%o ” 1.154; thus at this salinity the 
average activity coefficient of the dissolved salts is 
1.026 - 1.154 or 0.89. See Sea ke. fj. lyman] 
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INTERCHANGE BETWEEN SEA AND ATMOSPHERE 

The ^ea and the atmosphere are fluids in contact 
with one another, but in different energy states — 
the liquid and the gaseous. The free surface bound- 
ary between them inhibits, but by no means totally 
prevents, exchange of mass and energy between 
the two. Almost all interchanges across this bound- 
ary occur most effectively when turbulent condi- 
tions prevail: a roughened sea surface, large differ- 
ences in properties between the water and the air, 
or an unstable air column that facilitates the 
^transport of air volumes from sea surface to high 
in the atmosphere. 

Heat and water vapor. Both heat and water 
(vapor) tend to migrate across the boundary in the 
direction from sea to air. Heat is exchanged by 
three processes: radiation, conduction, and evapo- 
ratiop. The largest net exchange is through evapo- 
ration* the process of transferring water from Ma 
to air by vaporization of the water. 

Evaporation depends on the difference between 
the partial pressure of water vapor in the air and 
the vapor pressure of sea water. Vapor pressure in- 
creases with temperature, and partial pressure in- 
creases with both temperature and humidity; there- 
fore the difference will be greatest whm the sea 
(always saturated) is warm and the air is eool and 
dry. In winter, off east coasU of continents^ tUb 
condition is most ideaHy met, and very large quan- 
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Rq. 1. CollopM of air bubble and formation of |et and 
dropieti. (o) Composite photograph of high-speed motion 
pictures illustroting stages in the process. Time interval be- 
tween top and bottom frames about 0.002 sec; bubble diam- 
eter 1.7 mm; angle of view horizontal through glass wall, 
(b) Oblique view of jet and droplets from bubble 1.0 mm 
in diometer. Diameter of smallest droplet 0.09 mm; exposure 
time 30 /isec. 

titles of water are absorbed by the air. On the 
average, 100 g water per square centimeter of 
ocean surface are evaporated per year. 

Since it takes nearly 600 ca] to evaporate 1 g 
water, the heat lost to each square centimeter of 
the sea surface averages 150 cal /day. This heat is 
stored in the atmospheric volume but is not actually 
transferred to the air parrels until condensation 
takes place (releasing the latent heat of vaporiza- 
tion) perhaps 1000 miles away and 1 week later. 

Radiation of heat from the water surface to the 
atmosphere and back again are both large -of the 
order of 800 cal/(cm^) (day) according to E. R 
Anderson (1953). However, the net flux is out from 
the sea: it averages about 100 cal /day. 

Conduction usually plays a much smaller role 
than either of the above; it may transfer heat in 
either direction, but usually it contributes a small 
net transfer from sea to air. 

MomgfltUfll. Momentum can be exchanged be- 
tween these two fluids by a process related to 
evaporation, that is, migration of molecules of air 
or water across the boundary, carrying their mo- 
mentum with them However, in natural conditions 
the more effective mechanism is the collision of 
‘‘parcels” of the fluids, as distinct from motions of 
individual molecules. Also, momentum is usually 
transferred from air to sea, rather than vice 
versa. Winds whip up waves; these irregular shapes 
are more easily attacked by wind action than is the 
flat sea surface, and both waves and currents are 
initiated and maintained by the push and stress of 
the wind on the water surface. See Ocfan-mhe- 
OROLOGICAL RELATIONS. F I-C P ] 

Pfojaction of droplets. Water, salts, organic 
materials, and a net electric charge are trans- 
ferred to the air through the ejection of droplets 
by bubbles bursting at the sea surface. The ex- 
change of these properties between the sea and the 
atmosphere is of importance in meteorology and 
geochemistry. Upon evaporation of the water, the 
droplet residues are carried great distances by 
winds. These wind-borne aerosols become nuclei for 
cloud drop and raindrop formations and probably 
represent a large part of the cyclic salts of geo- 
chemistry. 

Air bubbles are forced into surface waters of the 
sea bv wave action, by impinging raindrops, by 
melting snowflakes, and Ly other means. The larger 
bubbles rise to the surface, burst, and eject drop- 
lets. Many of the smaller bubbles dissolve before 
reaching the surface. The photomicrograph (Fig. 

1 ) shows stages in the collapse of a bubble, and the 
let and droplet formations which result. Th#* irmnli 
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bubble diameter, t* 

Fig 2. Approximate relationships between sizes of 
bursting bubbles and sizes and salt contents of ejected 
droplets. 

(Fig. 2) shows the approximate relationships be- 
tween the sizes of the bubbles, the sizes of the 
ejected droplets, and weight of sea salt in these 
droplets. 

The amounts of water which become airborne as 
droplets near the sea surface are not known. The 
best estimates which can now be made (from the 
limited information about the number and size of 
bubbles in the sea) range from about 2 to 10 
g/ (m* ) (day ) during fresh winds. 

The average amounts of sea salt which beconie 
airborne at considerable altitudes are shown in 
Table 1. The total range of observed amounts in 
individual samples is from about 4 X 10’''*g''nu 
in a wind of Beaufort force 1 to W^g/wl in a wind 
of force 12. See Wind. 


TaWa 1. Airborne sea taNs In relation to wind force 

Beaufort Concentrations,* Flux* Total, t 

wind force Mg/™* nig/(iD*)(<iay) mg/m 


* At about 500 m 

t Integrated through lowest 2000 m 


Parts of marine organisms are seen in droplrts 
ejected from plankton-rich water. The droplets wso 
liojsomc coated with organic monolayers when they 
arise through contaminated surfaces. No mfonna- 
tion is yet available about the quantities of organic 
materials which thus become airborne. [a.h.w.J 


Electrification of the atmosphere. The tradi- 
tional view states that the net positive space 
charge found in the atmosphere over the oceans in 
regions of fair weather is maintained by a charge 
separation process within thunderstorms {see 
Ai MOSPHERic ELECTKicn Y ) Rccent work, however, 
has indicated that a charge separation mechanism 
at the surface of the ocean may contribute signifi- 
cantly to the atmospheric xpace charge over the 
oceans. It appears that this mechani^^r. enables 
the oceans of the world to supply positive charge 
to the atmosphere at a rate of at least lO^f of that 
supplied to the atmosphere over the oceans by 
thundei storms. 

The carriers of the chaige separated at the 
ocean surface are the diops that cmeige at the 
collapse of the jet that forms when a bubble 
breaks at the ocean surface (Fig. 1). Laboratory 
measurements have shown that the charge on these 
drops is a function of their size and of the age of 
the bubble from which they came. For drops in 
the size range commonly found in the atmosphere 
over the ocean, the charge per drop is positive and 
of the order of 10 “ elecliostatic units (esu). 
From a consideration of the numbers and sizes of 
drops and the rate that they leave the sea surface 
it has been computed that the net oceanic charge 
production is roughly proportional to the square of 
the wind speed, and is 5x10” esu/ (cm*) - 
(sei ) for winds of 10 knots \s the winds over 
the oteans attain a maximum mean speed in each 
hemisphere at latitudes of 40-60 degrees, a simi- 
Imly located maximum should be found in the 
latitudinal distribution of the oceanic charge 
separation. 

The ‘^ormal oceanir fair-weather potential gradi- 
ent dof > not have anv significant influence on the 
magnitude of the charge of the drops from the bub- 
ble jet, but intense negative thunderstorm potential 
gradients of the order of 100 volts /cm at the sea 
surface can, by the process of induction charging, 
produce a positisc charge on the drops that exceeds 
by mai ^ t^mes the positive charge found on the 
drops in fair weather. Consequently, the normal 
positive space charge may be increased considcr- 
* ably in regions near oceanic thunderstorms. How- 
ever, in oceanic charge separation on a global 
scale, the charge separsted by induction appears 
to be less than 10% of that separated by nonin- 
ductive processes. [d.c.bl.] 

Microlayer. The microlayer is the thin zone be- 
neath the surface of the ocean or any free water 
surface within which physical processes are modi- 
fied by proximity to the air-water boundary. It is 
characterized by suppression of vertical turbu- 
lence, by a consequent decrease in diffusivity and 
increase in material, and by an increase in kinetic 

and thermal gradients. 

Because the microlayer at a free water surface is 
at least superfcially similar to the boundary layer 
observed In the tangential flow of any viscous fluid 
near a rigid surface, it is tempting to identify one 
with the other. However, in view of the thermo- 
hydrodynamic complaaity of the free ocean sur- 
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face, such identification is unwarranted. It is not 
possible, in the present state of knowledge, to deal 
analytically with this problem. Consequently, all 
that can be described of the nature of the micro- 
layer is gleaned from a few scattered observations. 
For the most part, these have been measurements 
of the effect of the microlayer on the flux of heat 
between water and air. The earliest determination 
appears to have been made by Alfred Merz in 1920. 
Subsequently A. H. Woodcock and H. Stommel 
measured thermal gradients at the surface of 
steaming ponds and estuaries, using a specially 
designed mercury thermometer of thin stem di- 
ameter. Recently, G. C. Ewing and E. D. McAlister, 
using an infrared radiometer, observed the ocean 
surface to be as much as 0.6C^ cooler than the 
underlying water. A somewhat related experiment, 
by W. S. Wise and others (1960), showed a meas- 
urable concentration gradient of solute at the sur- 
face of evaporating sugar solution. This suggests 
that a salinity gradient probably exists at the 
ocean surface, although it has yet to be described 
in the literature. 

A different and striking manifestation of the 
microlayer can be observed when a gentle breeze 
blows over calm water. Specks of dust at the sur- 
face flow along noticeably faster than those a 
centimeter or so beneath the surface. The strongly 
developed vertical shear in the wind-driven flow 
which is thus revealed is possible only because the 
small eddy stresses in the microlayer permit the 
motion to remain nearly laminar at a relatively 
high Reynolds number. Tlie reduction of the shear 
at higher wind speeds shows that the microlayer is 
thinner under these conditions. 

The development and stability of the microlayer 
is enhanced by a contaminating film of surface- 
active agents which is characteristically present on 
natural water surfaces. Such films quickly accumu- 
late on any body of water exposed to the air. Even 
in the laboratory, elaborate precautions are neces- 
sary to maintain a truly clean water surface. 

The origin and composition of such films are 
complex. However, it can be asserted on thermo- 
dynamic grounds that substances will accumulate 
in a liquid surface if they reduce the surface ten- 
sion and hence the free energy of the surface. 
Patches of such film can be observed on the sea 
under all normal conditions of wind and wave, 
although they are more strikingly visible at wind 
speeds under 3 meters/sec, when they take the 
form of long, broad slicks. The most obvious effect 
of the film is to smooth the smallest ripples, giving 
the water a shiny appearance. The smoothing re- 
sults from an altered boundary condition at the 
interface, substituting a sort of rubber-sheet elas- 
ticity for the relatively unrestricted freedom of a 
clean liquid surface. Such a stabilized surface more 
nearly approximates a rigid boundary, and there- 
fore the associated microlayer becomes more 
nearly similar to the familiar boundary layer char- 
acterizing flow near a solid surface. Gradients, 
whether of substance, temperature, or momentum, 
are thus appreciably enhanced by surface films. In 


this purely mechanical manner, contaminating 
films can reduce the convective flux of heat across 
the air-water boundary independently of any throt- 
tling action they may have on the evaporation rate. 

The flux of sensible heat across the air-water 
boundary of the ocean is usually in the upward 
direction, and hence the microlayer is cooler above 
than beneath. The sense of the flux results from the 
circumstance that most of the heating of the ocean 
is by solar radiation, which penetrates several 
meters into the sea before being absorbed, whereas 
heat balance is largely maintained by upward 
flux of sensible heat from a layer less than a few 
molecular diameters deep. This'Js a form of the 
well-known greenhouse effect. Thus, on the aver- 
age, the microlayer is heated from below and 
cooled from above. The net upward flux is of the 
order of 150 gram-calories/ ( cm (day), varying 
with the latitude, the season, and the time of day. 
The flux is greatest in the tropics, in the autumn, 
and in the forenoon; least at the poles, in early 
summer, and early afternoon. 

The importance of the microlayer resides in the 
fact that most surface measurements are in reality 
volume measurements of a thin but finitelv thick 
layer. Consequently, the value recorded depends 
on the method of measurement employed. For 
many purposes the differences are trivial and are 
ignored. However, where precision is required, 
the only way to arriye at a true value of any pa- 
rameter at the exacf surface is to calculate it from 
theoretical considerations or to estimate it bv 
extrapolating some measured gradient to the 
boundary. As an example, one may assume intui- 
tively that the surface temperature of water must 
approach the psychrometric, or so-called wet-bulb, 
temperature of the overlying air as a limit. How- 
ever, the psychrometric temperature itself varies 
as the boundary is approached and therefore can- 
not be directly measured at the exact surface. 

Hence, from a physical point of view, the con- 
cept of a surface is something of an abstraction 
which has precise meaning only when referred to a 
specific parameter. An estimate of the surface 
value of any physical quantity depends on arbi- 
trary assumptions as to the pertinent gradient in 
the microlayer. The best that can be done at pres- 
ent is to ensure that the assumptions adopted make 
physical sense. [c.c.e.] 

^change of gases. Surface water, under ordi- 
nary conditions, is saturated with the atmospheric 
gases — oxygen, nitrogen, carbon dioxide, and the 
inert gases. Occasionally, however, equilibrium 
may not have been reached, as in areas of rapid 
upwelling where deep water comes to the surface, 
and the water may be undersaturated with oxygen 
or supersaturated with carbon dioxide. Changes in 
the atmosphere may also cause local deviations 
from saturation. 

Water saturated with gases at the surface may 
eventually sink and travel long distances beneath 
the surface, during which time chemical processes 
may either decrease or increase its content of dii» 
solved gas. Oxygen is increased by photosyntbeeis * 



in the upper levels where there is sufficient light. 
On the other hand, oxygen is consumed hy the 
processes of respiration and organic decomposi- 
tion. The most striking feature of the distribution 
of oxygen in the ocean is the very widespread oc- 
currence of a depth or zone of minimum concentra- 
tion, which may be only a few hundred feet below 
the surface in some places or deeper than a mile in 
others. This phenomenon is the result of the combi- 
nation of several processes, chemical and physi- 
cal, which take place at different rates under differ- 
ent conditions. The consumption of oxygen is 
accompanied by an increase in the proportion of 
its heavy isotope. O'®. 

There is little evidence to show that nitrogen is 
ever utilized as such in the ocean, but it is possible 
that under some conditions it is produced, pre- 
sumably as a result of organic decomposition. 

The content of carbon dioxide in surface water 
is variable, depending upon biological conditions 
determining its production or absorption, and also 
upon the temperature, which determines its solu- 
bility and equilibrium with the combined forms, 
carUmate and bicarbonate. It often decreases be- 
neath the surface, where photosynthesis is more 
rapid, and increases greatly in the deep oxygen- 
minimum zone where oxidation and the consump- 
tion of oxvgen is accompanied by the production of 
carbon dioxide. 

Consequently, the exchange of carbon dioxide 
between water and atmosphere may proceed in 
either direction, depending upon the conditions in 
the water as well as the content of carbon dioxide 
in the atmosphere, which is generally less variable. 
In certain areas of upwelling the gas seems to 
escape to the atmosphere. Seasonal biological 
('hanges, particularly concerned with the groivth of 
plants, can also affect the direction of exchange 

1'he inert atmospheric gases- -neon, argon, and 
helium — are apparently saturated in the ocean and 
undergo no changes, except probably those as- 
sociated with radioactivity. [n-W-R.] 
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TRANSMISSION OF ENERGY 

Electromagnetic and acoustic energy from vari- 
ous natural sources permeates the sea, supplying it 
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with heat, supporting its ecology, and providing 
for sensory perception by its inhabitants; artificial 
sources afford man the means for underwater com- 
munication and detection. 

Light. The primary source of energy which heats 
the ocean and supports its ecology is light from 
the sun. On a clear day as much as 1 kw of radiant 
power from the sun and sky may impinge on each 
square meter of sea surface. Of this power, 4-8% 
is reflected and the remainder is absorbed within 
the water as heat or as chemical potential energy 
due to photosynthesis. The peak of the irradiation 
is close to the wavelength of greatest transparency 
for clear sea water, 480 millimicrons (m/x), but 
nearly half of the radiant power is infrared radia- 
tion which water absorbs so strongly that virtually 
none penetrates more than 1 m beneath the surface. 
As much as one fifth of the incident power may be 
ultraviolet (below 400 m/ti) and this radiation may 
penetrate a few tens of meters if little or no “yellow 
substance** (humic acids and other materials as- 
sociated with organic decomposition) is present. 
Only a narrow spectral band of blue-green light, 
representing less than 10% of the total irradiation, 
penetrates deeply into the sea. This radiation has 
been detected by multiplier-phototube photometers 
at depths of more than 600 m. Visibility, important 
to predators in the feeding grounds of the sea, is 
possible chiefly because of this blue-green light. 

Irradiance, Irradiance on a flat surface oriented 
in any manner decreases exponentially with depth, 
as illustrated by Fig. 3, which depicts experimental 
values of irradiance on an upward-facing surface. 
Irradiance on any otlier surface could be repre- 
sented by a curve parallel (within 5%) to the one 
showi * irradiance on downward-facing surfaces is 
approximately one-fiftieth of the irradiance on up- 
ward-facing surfaces at all depths. 

Absorption, Light, to be useful for heating or for 
photosynthesis, must be absorbed. The quantity of 
radiant power absorbed per unit of volume depends 
upon the amount of power present and the magni- 
tude cf ^he absorption coefficient ; to a useful (5% ) 
approximation power absorbed per unit of volume 
at any depth can be calculated by multiplying the 
' irradiance at that depth, as in Fig. 3, by the slope 
of the curve expressed in natural log-units per unit 
of depth, that is, the attenuation coefficient K, 
Thus in Fig. 3, at a depth of 64 m where the irra- 
diance is 0.5 watt/m® and is decreasing with depth 
at the rate of 0.08 natural log-units/m, approxi- 
mately 0.5 X 0.08 » 0.04 watt of radiant pow^ is 
absorbed by every cubic meter of sea water. 

Visibility. Visibility under water is accomplished 
by image-forming light (tays) which must pass 
from the object to the observer without being 
scattered. The transmission of water for image- 
forming light is less than for diffused lig^t, since 
scattering in any direction constitutes a loss of 
image-forming light, whereas only pattering in 
rearward directions is a loss for diffused light. 
Image-forming light is exponentially attenuated 
with distance but the attenuation coefficient a aver- 
ages 2.7 times gregter than the attenuation ooeffi- 
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Fig. 3. Experimental values of irrodiance on an up- 
ward-facing surface. 

oient for irradiance defined above. Apparent 
contrast of an underwater object having deep water 
as a backgro\ind is exponentially attenuated with 
distance; the effective attenuation coefficient being 
ff + iiT cos 9n where 0 is the inclination angle of 
the path of sight; cos 0 = 1 when the observer 
looks straight down. See discussion of water color 
and transparency in section on sampling and 
measuring techniques. fs-Q-D.] 

Compensation intensity and depth. As daylight 
penetrating into the sea diminishes, the photosyn- 
thesis of plants is reduced but respiration remains 
approximately the same. The light value at which 
the rates of photosynthesis and respiration are 
equal is the compensation intensity. The depth at 
which the compensation intensity is found is the 
compensation depth. Both of the foregoing have 
also been termed compensation point, but since 
ambiguity may occur, it is best to avoid this term. 
The compensation intensity varies according to the 
species, the physiological condition of the plants, 
and other factors, particularly temperature. Low* 
ered temperature depresses respiration more than 
photosynthesis. The compensation depth depends 
upon the intensity of the incident radiation, the 
transparency of the water, and the period con- 
sidered, since illumination varies with time. Com- 
pensation intensities of 10-200 ft-c have been 
measured for phytoplankton and of 17-45 ft-c for 
filamentous algae. Compensation depths for 24-hour 
periods for phytoplankton range from less than 


1 m in turbid water to more than 30 m in coastal 
areas and to 80 m or more in the clearest tropical 
waters; and for attached plants, to 50 m along the 
coast and to 160 m in especially clear water, as in 
the Mediterranean. Generally the compensation 
depth is found where daylight is reduced to about 
1 % of its value at the surface, for phytoplankton, 
or about 0.3% for bottom plants. The compensa- 
tion depth is of particular significance since it 
marks the lower limit of the photic zone within 
which green plants can carry on primary produc- 
tion necessary as an energy source for the whole 
marine ecosystem. fc-i-CA.] 

Electromagnetic fields. In sea water, as in any 
conductor, the electromagnetic behavior is deter- 
mined by the magnetic permeability /t and the 
electrical conductivity cr. From these one may find 
the skin depth 8 and the characteristic impedance 
lyby 

S ■“ and 17 = 

Both 8 and 17 relate to electromagnetic waves of 
frequency /, for which the wavelength is 27r8, the 
absorption over a path length x reduces the ampli- 
tude in the ratio c’*/*, and the ratio of electric to 
magnetic field amplitude in a plane wave is 77, the 
former leading in phase by 45^. See Electromag- 
netic radiation; Skin effect; Wave equation. 

For sea water, magnetic permeability fi is nearly 
the same as for free spice and electrical conduc- 
tivity a is given to about 1 % by 

<r - [4.00 + a{t - 12)] [1 + .0269(5 - 35)] 

in which t is temperature in ^C, 5 is salinity in 
parts per thousand by weight, and a is .10 for 
r > 12 or a « .092 for t < 12 (see Fig. 4). Using 
a « 4.0 mho/m as a typical value, one obtains 

8 ■■ 25(y^^^* meter and 17 - .(X)14/*^^* ohm 

These formulas are expected to hold for all fre- 
quencies below about 900 Me. 

Absorption limits the penetration of a field, 
either inward from a boundary or outward from an 
electric or magnetic source, to a small multiple of 
the skin depth 8 . A submerged horizontal dipole 
source near the surface will, however, have a more 
extensive field in the air and a shallow layer of 
water. At .01 cps 8 is 2.5 km; this is a rough upper 
frequency limit for field fluctuations (such as those 
of the geomagnetic field) which can penetrate the 
entire thickness of the ocean layer. At 10 kc, 8 is 
2.5 m. Fields of this and higher frequencies, exist- 
ing for example in the natural atmospheric noise, 
can penetrate only a thin surface layer. For radio 
signals, the sea acts as an excellent ground plane, 
involving lower losses than transmission over land. 

Sound. Sound in sea water travels four or five 
times its speed in air, or about 1500 m/sec. As 
sound propagates in the sea, its intensity dimin- 
ishes inversely as the square of the distance from 
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salinity, 

Fig. 4. Conductivity of sea water. (From B. D. Thomas, 
T. G. Thompson, and C. L. Utterback, The electrical 
conductivity of sea water, J. conseil, Conseil permanent 
intern, exploration mer, 9:28^^35, 1934) 


the source, in the absence of appreciable absorp- 
tion, refraction, reflection, and scattering. Although 
losses by absorption are small compared with those 
that occur when sound of the same frequency 
travels through air, the increase in absorption with 
higher frequencies limits the effective range of 
ultrasonic waves, that is, waves having frequencies 
above those audible to the human ear. This is an 
important factor in submarine detection, where 
ultrasonic frequencies are used because of their 
desirable directional properties. See Inverse- 
sf^UARE law; Sonar. 

The velocity of sound in sea water varies with 
temperature, salinity, and pressure. Hence a beam 
of ultrasonic waves, when transmitted in a hori- 
rontal direction, may be refracted and then re- 
flected one or more times from the surface, ocean 
bottom, or some layer within the vertical water 
•■'Structure. In this manner several different rays may 
be received at different intervals from a single 
source. The direct transmission is limited to spe- 
cific distances, depending on depth of the bottom, 
and its theoretical velocity may be computed if 
the temperature and salinity are known. At greater 
distances the apparent horizontal velocity is less 
than the theoretical velocity because of such factors 
as distance between source and receiver, depth, 
bottom profile and character, physical properties 
nf the water, and so on. 

The vertical velocity is a function of depth 
(pressure) and the distribution of temperature and 
salinity. Except in polar latitudes it generally de- 
creases from the surface to some moderate depth 
(from 500 to 1500 meters) because of decreasing 
^‘•mperature. Below this depth the velocity gradu- 


ally Increases again as the effect of increasing 
pressure becomes dominant. Because most sonic 
depth-finding instruments are calibrated for a con- 
stant velocity, when a very accurate depth reading 
is required, it is necessary to correct the readings 
to true depths. See Echo .sounder; Submarine 
topography. 

Investigations of sound in the ocean offer many 
promising areas for further study, particularly 
studies of underwater noises produced by marine 
life, the relation of these noises to other sounds in 
the sea, the seasonal rhythm and geographic varia- 
tion of the noise makers, and the ecological signifi- 
cance of sound-producing organisms. A variety of 
problems in underwater acoustics may result from 
the presence of sound-producing organisms. See 
Scattering layer; Sound; Underwater sound. 

[N.A.B.] 

Bibliography, G L. Clarke, Elemenls of Ecol- 
ogy, 1954; R. W. Holmes, Solar radiation, sub- - 
marine daylight, and photosynthesis, in Treatise on 
Marine Ecology and Paleoecology, Geol. Soc. Am. 
Mem. 67, vol. 1, 1957 ; R. II. Lien, Radiation from a 
horizontal dipole in a semi-infinite dissipative me- 
dium, J. Appl Phys. 24(1) :l-4, 1953; J. R. Wait, 
The radiation fields of a horizontal dipole in a semi- 
infinite dissipative medium, /. Appl. Phys,, 24(7) : 
958-959, 1953. 

COMPOSITION OF SEA WATER 

Inorganic regulation of composition. The pres- 
ent-day compositions of sea waters (Table 2) are 
controlled both by the make-up of the ultimate 
source materials and by the large number of reac- 
tions, of chemical and physical natures, occurring 
in the o. ^ans. For a discussion of the weathered 
and weathering substances that give rise to the 
waters of the world, see Hydrosphere, geochemis- 
try OF. This section considers the nonbiological 
regulatory mechanisms, most conveniently defined 
as those reactions occurring in a sterile ocean. 

Solubility. Only calcium, among the major cat- 
ions of svB water, is present in a state of satiira 
lion, and its concentration is governed by the solu- 
bility of calcium carbonate. The rare gases and 
dissolved gaseous nitrogen have their marine con- 
centrations determined by the temperature at 
which their water mass was in contact with the at- 
mosphere and are in states of saturation or very 
nearly so. 

Cation and anion exchange. Cation exchange re- 
actions -between positively charged species in sea 
water and such minerals ats the marine clays and 
zeolites appear to regulate, at least in part, the 
amounts of sodium, potassium, and magnesium, as 
well as other members of the alkali and alkaline- 
earth metals which are not limited by solubility 
product considerations. High charge and large ra- 
dius influence favorably the uptake on cation ex- 
change minerals. It appears, for example, that 
while 65% of the sodium weathered from the con- 
tinental rocks now resides in the oceans, only 2.5%, 
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Tabto 2. dmmkai abuiMlmMi In the nuirliM 
iQfdratplim 


Element 

Abundance, 

mg/liter 

Element 

Abundance, 

mg/liter 

H 

108,000 

Ag 

0.0003 

He 

0.000005 

Cd 

0.000055 

Li 

0.2 

In 

<0.02 

Be 


Sn 

0.003 

B 

4.8 

Sb 

<0.0005 

C 

28 

Te 


N 

0.5 

I 

0.05 

0 

857.000 

Xe 

0.0001 

F 

1.3 

Ca 

0.0005 

Ne 

0.0003 

Ba 

0.0062 

Na 

10,500 

La 

0.0003 

Mg 

1,300 

Ce 

0.0004 

A1 

0.01 

Pr 


Si 

3 

Nd 


P 

0.07 

Pm 


S 

900 

Sm 


Cl 

19,000 

Eu 


A 

0.6 

Gd 


K 

380 

Tb 


Ca 

400 

Dy 


Sc 

0.00004 

Ho 


Ti 

0.001 

Er 


V 

0.002 

Tm 


Cr 

0.00005 

Yb 


Mn 

0.002 

Lu 


Fc 

0 01 

Hg 


Co 

0.0005 

To 


Ni 

0.0005 

W 

0.0001 

Cu 

0.003 

Re 


Zn 

O.Ol 

Os 


Ga 

0.00003 

Ir 


Ge 

<0.00006 

Pt 


As 

0.003 

Au 

0.000004 

Se 

0.004 

Hg 

0.00003 

Br 

65 

Tl 

<0.00001 

Kr 

0.0003 

Pb 

0.003 

Rb 

0.12 

Bi 

0.0002 

Sr 

8 

Po 


Y 

0.0003 

At 


Zr 


Rn 

9.0 X 10-« 

Nb 

0.000005 

Fr 


Mo 

0.01 

Ra 

3.0 X 10~“ 

Tc 


Ac 


Ru 


Th 

0.0007 

Rb 


Pa 

0.003 

Pd 


U 


0.15%. and 0.025% of the total amounts of potas- 
sium, rubidium, and cesium ions (ions increasingly 
larger than sodium), have remained there. Further, 
magnesium and potassium are depleted in the ocean 
relative to sodium on the basis of igneous rock 
data (Table 3). The curious fact that magnesium 
remains in solution to a much higher degree than 
potassium is as yet not resolved but may be ex- 
plained by the ability of such ubiquitous clay min- 
erals as the illites to fix potassium into nonex- 
changeable sites or sites in which exchange is diffi- 
cult. 

Similarly, anion exchange processes may regu- 
late the composition of some of the negatively 
charged ions in the ficeans. For example, the chlo- 
rine-bromine ratio in sea water of 300 is displaced 
to values around 50 in sediments. Such a result may 
well arise from the replacement of chlorine by bro- 
mine in clays; however, the meager amounts of 


Table 3. Compoaltlona of sea watar, Igneous racks, 
and gases fram fumaralos and hoi springs 


Gases from 


Sea 
water. 
Substance wt % 

Igneous 
rocks, 
wt % 

fumarolea, 
steam well^ 
and geysers, 
wt% 

HtO 

96.5 

^1 

99.4 

Na 

1.05 

2.8 


K 

0.04 

2.5 


Mg 

0.13 

2.0 


Ca 

0.04 

3.5 


Cl 

1.9 

0.03 

0.12 

S 

0.09 

0.05 

0.03 


work in this field preclude any unqualified state- 
ments. 

Sorption. This category covers some of the sur- 
face interactions of the dissolved substances with 
the solid phases in sea water, such as the hydrated 
iron oxides ; it also covers interactions between dis- 
solved substances and the sediments. For example, 
the iron oxides scavenge from solution ionic spe- 
cies containing such elements as titanium, zirco- 
nium, or vanadium. 

Authigenic mineral formation. The formation 
and alteration of minerals on the sea floor appar- 
ently are responsible for controlling the concentra- 
tions of a group of metals, all in highly undersatu- 
rated states. A suite ff such metals, including zinc, 
manganese, nickel, cobalt, and copper, are accumu- 
lated by the ferromanganese minerals in concentra- 
tions one or two orders of magnitude greater than 
the average values for crustal rocks (Table 4). The 
ferromanganese minerals, which form uniquely on 
the deep-sea floor, are composed of oxides or iron 
and manganese and build these trace metals into 
their layer-lattice structures. They exist in the 
form of nodular concretions, the so-called man- 
ganese nodules, which range in size from millime- 
ters to about a meter, in the form of coatings, and 
as components of the unconsolidated sediments. It 
should be pointed out that calcium phosphate min- 
erals, originating from the skeletal remains of fish, 
amass on the ocean bottom a similar group of met- 
als and may in part account for their low marine 
concentrations. See Authigenic minerals. 


Tablo 4. Obsarvod conoantratlons ol tomo trace metals 
In sea water* 


Ion 

Observed 

sea-water 

concentration, 

moles/Uter 

limiting 

compound 

Calculated 
limiting con- 
centration, 
molea/liier 

Mn++ 

4 X 10-' 

MnCO, 

~10“» 

Ni++ 

4 X 10-* 

Ni(OH)i 

~10“» 

Co++ 

-^10-* 

CoCOi 


Zb++ 

2 X 10-» 

ZnCOi 

~10-« 

Cu++ 

6 X 10-» 

CuCOi 

~1«”« 


* Calculated upon the baeia of their moat inanleM** 
compound. 


Physical prot esses Superimposed upon these 
chemical processes are changes in the chemical 
make-up of sea water by the melting of ice, evapo- 
ration, mixing with runoff waters from the conti- 
nents, and upwelling of deeper waters. The net ef- 
fects of the first three processes are changes in the 
absolute concentrations of all of the elements but 
with no major changes in the relative amounts of 
the dissolved species. 

Changes with time. Changes in the composition 
of ‘'ca water through geologic times reflect not 
onK differences in the extent and types of weather- 
ing processes on the earth’s surface but also the 
reldtive intensities of the biological and inorganic 
reactions The most influential parameter control- 
ling the inorganic processes appeals to be the sea 
water temperature. 

Changes in the abyssal temperatuies of the 
(Kcans from their present values of near 0 to 2 2, 
7 0 and 10 4°C in the upper, middle, and lower 
Tcitiarv, respectivelv, ha\e been postulated from 
studies on the oxygen isotopic composition of the 
tests of benthic foraminifera Such temperature 
in( reases would of necessity be accompanied by 
similai ones in the surtace and intermediate wa 

ters 

One obvious effect from the recent cooling of 
tlie o< cans is an inc rease in either or both of the 
r lb Him and < arbonute ions, since the solubility 
product of calcium caibonate has a negative tern 
pcraliirc coefficient Similarlv, the saturated 
imouiits of gases that c an dissolve in sc*a water in 
tiiuilibnum with the atmosphere increase with de 
(Teasing water temperatures See Cfoiocjc thui- 
MOMiFRY r^Dcl 

Biological regulation of composition. In the 

open sea all the organic matter is produced by the 
])hoto«\nthesis and growrth of unicellular plank- 
tonic forms During this growth all the elements es 
scntial for living matter are obtained from the sea 
water Some elements are present in great excess, 
sue h as the carbon of CO 2 , the potassium and the 
"iilfiir (as sulfate) Other elements —for example, 
phosphorus, nitrogen, and silicon — are present in 
small enough quantitiea so that plant growth re- 
moves viitually all of ♦he supply from the water 
During photosynthesis, as these elements are being 
removed from the water, oxygen is released. 

The biochemical cycle The organic matter 
foimed by photosynthesis and growth of the unicel- 
lular plants may be largely eaten by the zooplank- 
ton and these in turn form the food for larger 
organisms. At each step of the food chain a large 
proportion of the eaten material is digested and cx- 
^'rcted, and this, along with dead organisms, is de- 
fomposed by bacterial action. The decomposition 
process removes oxygen from the water and re- 
turns to the water those elements previously ab- 
sorbed by the phytoplankton. 

The distribution of oxygen and essential nutri- 
ent elements in the sea is modified by the spatial 
reparation of these biological processes. Photosyn- 
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thesis is limited to the surface layers of the ocean, 
generally no more than 100 m or so of depth, but 
the decomposition of organic material may take 
place at any depth Reflecting this separation of 
processes the concentration of nutrient elements in 
the surface is low, rises to maximum values at in- 
termediate depths (300 800 m), and decreases 
sli^tly to fairly constant values which extend 
nearly to the bottom Frequently a slight increase 
in the concentration of essential elements is ob- 
served near the bottom. The oxygen distribution 
is the opposite oi the one just described, with high 
values at the surface, a minimum value at mid- 
depth, and intermediate values in the deep water 
The oxygen-minimum nutrient-maximum level in 
the ocean is the result of two processes working 
siniiiltaneoiislv In part it is formed by the decom- 
position of organic matter sinking from the sur 
face, and in pari it results fiom the fact that this 
water was originally at the surface in high latitudes 
where it contained organic matter and subsequently 
cooled sank, and spread out over the oceans at the 
appropriate dc nsity levels 

Because of the nearly constant composition of 
marine organisms, the elements required in the for- 
mation of organic material vary in a correlated 
way Analyses of marine organisms indicate that 
in their protoplasm the elements carbon, nitrogen, 
and phosphorus are present in the ratios of 
100:15*1 bv atoms In the production of organic 
matter these elements are removed from the water 
in these ratios, and during the decomposition of 01 - 
ganic matter they are returned to the water in the 
same ratios However, since the decomposition of 
organic material is not an instantaneous process 
which leleases all elements simultaneously, it is 
not unusual to find different ratios of concentration 
of these elements in the sea Particularly in 
coastal waters and in confined seas the ratio of 
concentration of nitrogen to phosphorus, for exam- 
ple, may differ widely from the 15:1 ratio of com- 
position within the organisms. 

The u hemical arculation Unlike the major 
elements in sea water, the concentrations of these 
fiutiients are widely different in different oceans 
* of the world. Pacific Ocean water contains nearly 
twice the concentration of nitrogen and phosphorus 
found at the same depth in the North Atlantic, and 
intermediate concentrations are found in the South 
Atlantic and Antarctic Oceans The lowest con- 
centrations for any extensive body of water arc 
found *in the Mediterranean, where they arc only 
about one-third of those found in the North Atlan- 
tic Ocean. 

These variations can be atlributed to the ways 
in which the water circulates in these oceans, and 
to the effect of the biological processes on the dis- 
tribution of elements. The Mediterranean, for ex- 
ample, receives surface water, already low in nutri- 
ents, from the North Atlantic and loses water from 
a greater depth through the Straits of Gibral- 
tar While the water is in the Mediterranean, the 
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surface layers are further impoverished by growth 
of phytoplankton, and the organic material formed 
sinks to the bottom water and is lost in the deeper 
outflow. A similar process explains the low nutrient 
concentrations in the North Atlantic, which re- 
ceives surface water from the South Atlantic and 
loses an equivalent volume of water from greater 
depths. See Ocean currents; Sea water fertil- 
ity. [B.H.K.] 

Buffer mechanism. The constituents of sea wa- 
ter include a number of cations, all of which are 
weak acids, and a smaller number of anions, some 
of which are strong bases. Thus sea water is always 
somewhat on the alkaline side of neutrality, rang- 
ing in pH roughly between the limits of 7.5 and 
8.3. 

In chemical oceanography, the term alkalinity 
is used to denote not the concentration of hydroxyl 
ions, as might be expected, but the concentration 
of strong bases. Alkalinity can be defined as the 
number of equivalents of strong acid required to 
convert stoichiomctrically all the strong bases to 
weak acids. The addition or subtraction of weak 
acids thus does not affect the alkalinity of sea wa- 
ter, although through the operation of the buffer 
mechanism it changes the pH. 

The principal weak acid in sea water is carbonic, 
resulting from the hydrolysis of dissolved carbon 
dioxide. Boric acid is also present in significant 
amounts. Salts of these two weak acids are the 
strong bases which make up the alkalinity. Total 
combined boron, whether as acid or borate, is in 
virtually constant proportion to chlorinity, the ra- 
tio of boron to chlorinity being about 0.00024, 
which is equivalent to a specific ratio of boric acid 
to chlorinity of about 0.022 (concentrations in mil- 
limoles per liter). 

The total alkalinity is more variable in the 
ocean. Near the surface it can be increased by ad- 
dition of dissolved carbonates in river discharge or 
decreased by the precipitation of lime in the for- 
mation of coral and shells. In deeper layers it can 
be increased by the solution of calcareous debris 
sinking from the surface. F. Koczy (1956) gives a 
thorough discussion of the variation of specific al- 
kalinity in the oceans. The average ratio of alka- 
linity to chlorinity is about 0.120 for surface sea 
water, increasing somewhat with depth (concentra- 
tions in milliequivalents per liter). 

Even more variable than the alkalinity is the to- 
tal dissolved carbon dioxide. At the surface, CO 2 
moves between the sea and the atmosphere, and 
in the euphotic zone CO 2 is removed by photosyn- 
thesis to be incorporated into organic matter. Be- 
low the euphotic zone, CO 2 is regenerated through 
the biological oxidation of organic matter. Total 
CO 2 thus typically may vary from 2.0 or 2.1 milli- 
moles/liter at the surface to 2.8 or more at the 
depth of the oxygen minimum. 

Some of this CO 2 is in physical solution and 
some is undissociated carbonic acid; but most of it 
is in ionic form, mainly bicarbonate ion with some 
carbonate. The proportions of the various forms 


are governed by the dissociation constants of car- 
bonic and boric acids, which vary with tempera- 
ture and pressure, and by the activity coefficients 
of the various ions concerned, which vary with tem- 
perature, pressure, and salinity. In practice, the ac- 
tivity coefficients and the dissociation constants 
are combined into apparent dissociation constants, 
which are tabulated by H. W. Harvey (1957) as 
functions of temperature and salinity at 1 atmos- 
phere pressure. [j.ly.] 

Bibliography: £. D. Goldberg, The processes 
regulating the composition of sea water, /. Chem. 
Educ,, 35:116-119, 1958; H. W. Hqrvey, Chemistry 
and Fertility of Sea Waters, 1957; F. Koczy, The 
specific alkalinity, Deep-Sea Research, 3:279^288, 
19.56; J. Lyman and R. B. Abel, Chemical aspects 
of physical oceanography, /. Chem. Educ„ 35:113- 
115, 1958; A. C. Redfield, The biological control of 
chemical factors in the environment. Am, Scien- 
tist, 46(3) :205-221, 1958; F. A. Richards, Some 
current aspects of chemical oceanography, in L. H. 
Ahrens et al. (eds.). Physics and Chemistry of the 
Earth, vol. 2, 1957. 

DISTRIBUTION OF PROPERTIES 

The distribution of physical and chemical prop- 
erties in the ocean is principally the result of the 
following: (1) radiation (of heat) ; (2) exchange 
with the land (of heat, water, and solids such as 
salts) and with the/atmosphere (of water, salt, 
and heat dissolved gases) ; (3) organic processes 
(photosynthesis, respiration, and decay); and 
(4) mixing and stirring processes. These processes 
are largely responsible for the formation of par- 
ticular water types and ocean water masses. 

Horizontal distributions. The general distribu- 
tion of properties in the oceans shows a marked 
latitudinal effect which corresponds with radiation 
income and differences between evaporation and 
precipitation. 

Temperature. Heat is received from the sun at 
the sea surface where parts of it are reflected and 
radiated back. Equatorward of 30^ latitude the in- 
coming radiation exceeds back radiation and re- 
flection, and poleward it is less. The result is high 
sea-surface temperature (more than 28^C) in equa- 
torial regions and low sea-surface temperatures 
(less than 1° ) in polar regions. 

Salinity. Various dissolved solids have entered 
the sea from the land and have been so mixed that 
their relative amounts are everywhere nearly con- 
stant, yet the total concentration (salinity) varies 
considerably. In middle latitudes the evaporation of 
water exceeds precipitation, and the surface salinity 
is high; in low and high latitudes precipitation ex* 
ceeds evaporation, and dilution reduces the surface 
salinity. 

Open ocean surface salinities range from 
lows of about 32.5^0 In the North Pacific, 34.0 in 
the Antarctic, 35.0 in the equatorial Atlantic, 340 
in the equatorial Indian, and 33.5 in the equato#hlI 
Pacific, to highs in the great evapqyation centers bi 
the middle latitudes of 35.5 and 36.5 in the North 
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and South Pacific, 37.0 in the North and South At- 
lantic, and 36.0 in the Indian Ocean. 

Dissolved oxygen. Dissolved oxygen is both con- 
sumed (respiration and decay) and produced 
(photosynthesis) in the ocean as well as being ex- 
changed with the atmosphere at the sea surface. 
Above the thermocline the waters are nearly always 
near saturation in oxygen content (>7 ml/litcr in 
the cold waters of high latitudes, <5 ml/liter in the 
warm equatorial waters). 

Density, The density of sea water depends upon 
its temperature, salinity, and depth (pressure) but 
can vary horizontally only in the presence of cur- 
rents, and hence its distribution depends closely 
upon the current structure. In low and middle lat- 
itudes the effect of the high temperature exceeds 
that of the high salinity and the surface waters are 
lighter than those in high latitudes, with values 
ranging from less than 1.022 g/ml to more than 
1.027 The density at great depth (10,000 m) may 
exceed 1.065. The greatest vertical gradient is as- 
sociated with the thermocline and the halocline and 
IS therefore very near to the surface. The heavier 
surface waters from high latitudes move and mix 
underneath the lighter water at depths which de- 
pend upon their density. The difference in surface 
density is usually not great, since the high latitude 
salniity is low, and the waters usually sink only a 
few hundred meters, forming intermediate water. 
But in cases where water of high salinitv has been 
(arricd int<i high latitudes by the currents and 
(ooled (as in the North Atlantic) or where water 
of lelatively high salinity freezes and gives up part 
of its water (as on the continental shelf of Antarc- 
tica), deep and bottom waters with temperature 
less than l°C ore formed. .See Halocline; Thfr- 
MOf LINE. fj-t- **•! 

Vertical distributions. The subsurface distribu- 
tion of properties is controlled largely b> external 
factors, particularly those which influence surface 
density, and the type of deep-sea circulation. 

Temperature, The thermohaline circulation re- 
sults in a vertical distribution of temperature such 
that in low and middle latitudes the deeper waters 
are colder than the surface waters, and at very high 
latitudes where surface temperatures are low, the 
deeper waters are as warm as those at the surface, 
c>r waimer. Seasonal cooling in high latitudes may 
cause the temperature to be at a minimum at some 
intermediate depth, and the circulation may cause 
a temperature minimum or maximum at intermedi- 
ate depths. Over a large part of the Pacific Ocean, 
where no bottom water is formed, the temperature 
increases downward from about 4000 m. Since the 
Sfadient is not greater than the adiabatic, the wa- 
is not unstable. 

Density and salinity. Since much of the flow of 
ocean is geostrophically balanced, surfaces of 
constant density slope in various ways with re- 
"Poct to the sea surface and other surfaces of con- 
stant pressure, and density varies in the east-west 
*s Well as the north-south direction. Mixing and 
"movement of intermediate and deep water along 


these surfaces cause more complex distributions of 
other variables. The intermediate waters of the 
North and South Pacific and of the South Atlantic 
appear to have salinity minima at intermediate 
depths in middle and low latitudes, since they origi- 
nate in the high-latitude regions of low salinity 
and pass between the high-salinity surface waters 
of middle latitudes and the bottom waters. In the 
North Pacific this minimum varies from 33.4- 
34 p.1%o- in the South Pacific and South Atlantic 
from 34.2 to about 34.6<t^o. In the North Atlantic 
Ocean there is no intermediate water of low salin- 
ity formed, but very saline water (36.5% o) flows 
in from the Mediterranean at depth and results in 
a more complicated distribution of salinity than is 
found m the other oceans. For the temperatures 
and salinities of the bottom waters, which are more 
homogeneous than the others, see the later discus- 
sion on ocean water masses. 

Dissolved oxygen. Where the cold surface wa- 
ters sink in high latitudes, quantities of oxygen are 
carried downward. Below the compensation depth 
consumption gradually reduces the concentration. 
The bottom waters of the Atlantic Ocean contain 
from 5-6 ml /liter of dissolved oxygen, the Indian 
and South Pacific Ocean about 4, and the North 
Pacific less than 4. Between these bottom waters 
and those at the surface, which are saturated, 
smaller values of oxygen are found ranging from 
less than 0.10 in the eastern tMipical Pacific and 
less than 1.0 in the eastern tropical Atlantic to 
greater than 4 ml /liter in the South Atlantic. 

Nutrients. Other properties such as the nutiients, 
phosphate and nitrate, have low concentrations in 
the surfsce laver, where they are con«^umed by the 
plants, lud high values at depths, where they are 
concentrated b> thc^ sinking and decay of organ- 
isms. 

The maximum values of phosphate are found at 
intermediate depths, usually beneath the layer of 
minimum oxygen, and vary from less than 1 micro- 
gram-atom/liter in the North Atlantic to more than 
2 in the ^ i arctic, Indian, and South Pacific, and 
more than 3.5 in the North Pacific. Surface values 
^wry from less than 0.1 in the North Atlantic and 
0.5 in the North Pacific to more than 1.5 in the 
Antarctic Bottom values vary from about 1.0 in 
the North Atlantic and 2.0 in the Antarctic, South 
Pacific, and Indian Oceans to 2.5 in the North Pa- 
cific. 

Nitrate-nitrogen is present in a ratio of about 
8:1 b\ weight to phosphate-phosphorus. 

Silicate has no intermediate maximum but in- 
creases monotonically toward the bottom, where 
the values vary from more than 150 microgram- 
atoms/liter in the North Pacific to less than 40 in 
the North Atlantic. Surface values are generally 
less than 10. 

Stirring and mixing proctsm. Stirring and 
mixing are processes of prime importance in de- 
termining the distribution of properties and fa the 
formation of water masses in the ocean. Stirring 
refers here to motions which increase the average 
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magnitude of the gradient of a property throughout 
a specified region. Mixing is employed in a narrow 
sense to denote the molecular diffusion or conduc- 
tion processes by which gradients are decreased. 
Stirring and subsequent mixing can decrease the 
gradients in a region much more quickly than mo- 
lecular processes acting alone. Combined stirring 
and mixing are often called turbulent diffusion. 

Stirring motions involve shearing, or more pre- 
cisely, deformations of the water. Stirring scales 
range from those of the permanent currents down 
nearly to molecular scale. Smaller-scale motions, 
often highly complex, are the most effective in stir- 
ring. 

With very important exceptions noted below, the 
preferred direction of stirring is along surfaces of 
constant potential denMtv. (Potential density is the 
density of water when brought adiabatic ally to at- 
mospheric pressure.) The preference is due to the 
fact that potential density almost always increases 
with depth. Under this condition, vertical displace- 
ment of a water parcel from a potential density sur- 
face is resisted bv a stabilizing force proportional 
to the vertical gradient of potential density. 

At the sea surface, powerful mechanisms exist 
which induce stirring across potential density sur- 
faces These are the wind sti esses and the thermal 
convections resulting from cooling and evapora- 
tion. Near the sea surfac’e. they greatly outweigh 
the stabilizing forces to produce and maintain a 
shallow, homogeneous top layer over much of the 
ocean. Stirring induced at the surface penetrates 
across the potential density surfaces |ust below the 
homogeneous la>er, but is damped out as it ex- 
tends deeper into the thermocline or halocdine 
layer. Thus, at some depth in these layers, the more 
usual stirring along potential density surfaces be- 
comes dominant In great depths and in high lati- 
tudes, the dominance is less strong since the verti- 
cal gradient of potential density is small. Stirring 
across potential density surfaces may also be 
brought about by tidal currents, but these are 
strong only in the shallow, coastal parts of the 
oc can. 

Because of the vanetv and complexity of stirring 
motions, no general method of treating them quan- 
titatively has proved really satisfactory. It is often 
expedient to assume that stirring and mixing fol- 
low rules analogous to those for molecular diffu- 
sion. Sometimes analysis of the motions in detail is 
possible, although difficulties in both theory and ob- 
seryation are great. Statistic*al treatment of the de- 
tailed motion seems to provide the most realistic 
approach. See Ocean riiRRi.\Ts. FJ-D-co.! 

Ocean water masses. Ocean water masses are 
extensive bodies of subsurfac e ocean water charac- 
terized bv a relativ#*Iy constant relationship be- 
tween temperature and salinity or some other con- 
servative dissolved constituent. The concept was 
developed to permit identification and tracing of 
such water bodies. The assumption is made that 
the characteristic properties of the water mass 
were acquired in a region of origin, usually at the 


surface, and were subsequently modified by lateral 
and vertical mixing. The observed characteristics 
in situ thus depend both on the original properties 
and on the degree of modification en route to the 
region where observed. 

A water mass is usually defined by means of a 
characteristic diagram, on which temperature or 
some other thermodynamic variable is plotted 
against an expression for the amount of one com- 
ponent of the mixture. A point on such a diagram 
defines a water type (representing conditions in the 
region of origin), and the line between points ob- 
serves, at least approximately, the liropertv of mix- 
tures ; that is. on the line connecting the two points, 
the proportion lying between the point represent- 
ing one water type and the point for any mixture 
equals the proportion of the second water type in 
the mixture. The resulting curve for a vertical wa- 
ter column has been called a characteristic curve, 
because for a given water mass its shape is invari- 
ant regardless of depth. The existence of such a 
cuive implies rontinuoiis renewal of water types, 
since otherwise mixing would lead to homogene- 
ous water, represented by a point on the diagiam 

T emperature-mlinity relationships. In oceanog- 
raphy the characteristic diagram of tempeiatuie 
against salinity is usuallv used in studies of water 
ma«*ses, and the resulting temperature-salinity 
curve (the T-S curve) is used to define a water 
mass (F'ig. 5). In drtwing such a curve, data from 
the upper 100 m are usuallv omitted because of 
seasonal variation and local modific ation in the sur 
face layer, so that strictly speaking, a water mass 
as defined extends only to within 100 m of the sea 
surface. Although ideally a water mass is defined 
bv a single T’S curve, because of random errors 
in field measurements and perhaps fine structure in 



Fig. 5. Temperaturu-Milinity valuet for Cornogio 
tion 40 (circles) ond Dana sfotion 3754 (frionglei); ^ 
Fig. 7 for locations. Depths of obsorvations in hectom* 
eters. Dashed lines represent definition of Pociflc 
toriol woter. Solid lines represent specific volume ^ 
thermosteric onomoly, in centiUters per ton. 
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the water mass itself, in practice an envelope of 
values provides a more useful definition. 

On the T-S diagram any property which is a 
(unction only of temperature and salinity can be 
represented by the appropriate family of isopleths 
(such as values at constant pressme of density ex- 
pressed as cTf, or thermosteric anomaly, sound 
«peed. saturation concentration of dissolved gases). 
Therefore, the T-S diagram with isopleths can be 
used to determine values of such temperature- 
salinity dependent functions. Since the ocean is 
inherently stable (that is, density increases mono- 
tonically with depth), examination of the slope of 
a T‘S curve (on which depth is indicated) relative 
(o the isopleths of density permits an estimate of 
the vertical distribution of stability. The diagram is 
often useful for the detection of faulty observations 
and as a guide to interpolation on neighboring sta- 
tions. When a uniform series of data is available, it 
can also be used for the quantitative representation 
oi the frequency distribution of water eharaeteris- 

tics. 

ff atrr~mass types, 'fhe most important and best- 
established water masses (characterized b> T-S 
nines ill Fig. b; distribution shown in Fig. 7) oc- 
cur in the upper 1()()0 m of the oeean. 'I'hese are 
of three general tvpes: (1) polar water, present 
Miiilh of 4()'*S in all oceans, and north oi 4()®N in 
the Pacific ; (2) central water, occurring at iiiid- 
Idliludes over most of the world ocean: and (,1) 


equatorial water, present in the equatorial zones 
of the Pacific and Indian Oceans. 

Polar waters, including the Subarctic, Subant- 
arctic and Antarctic Circumpolar water masses, 
are formed at the surface in high latitudes, and 
thus are cold and have relatively low salinity. Sub- 
antarctic water is bounded in the'south by the well- 
defined Antarctic Convergence, south of which cir- 
cumpolar water is found; Subarctic water has no 
clear-cut northern boundary. 

The central walei masses appear to sink in the 
legions of the subtropical convergences (35-40®S 
and N) where during certain seasons of the year 
horizontal T-S relations at the surface arc similar 
to the vertical distributions characteristic of the 
various water masses. The great differences in their 
properties are attributed to differences in the 
amounts of evaporation and precipitation, heating 
and cooling, atmoq)heric and oceanic circulation, 
and the distributions of land and sea in the source 
legions. 

The widespread and well-defined equatorial wa- 
ters (Fig. .S) separate the central water masses of 
the Indian and Pacific Oceans. These equatorial 
water masse« arc apparently formed bv subsurface 
mixing at low latitudes, although the place and 
manner of their formation is not well known. 

Intermediate waters und'^rlie the central water 
masses in all oceans. Antarctic Intermediate Water 
sinks as a water type along the Antarctic Con- 



T0mp«retw»Mlinity r*latlonshIpi for ropro- 
••ototlv* water maiioa of world ocoon. (Adopted from 


H. U, Svwtdtupf ff, Fl^tning, oncl'M, W. ./ofcniofi^ 
Th0 OcaaiW/ Pr0nfk0^oll, 194i) 
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around Antarctica represents Antarctic Convergence 


vergence; the water mass then formed by sub- 
sequent mixing IS characterized by a salinity 
minimum. Arctic Intermediate Water, of little im- 
portance in the Atlantic, is widespread in the Pa- 
cific and is apparently formed northeast of Japan. 
Other important intermediate water masses are 
formed in the Atlantic and Indian Oceans by addi- 
tion of Mediterranean and Red Sea water, respec- 
tively. Deep and bottom waters of the world ocean 
are formed in high latitudes of the North Atlantic, 
South Atlantic (Weddell Sea) and Indian Oceans. 
Ace ANTARnic O^^AN; AmiirOifAN; Atlantii 
Oct an; Indian Ocfan; Pacihc Oct an. rw.s.w.] 
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SAMPLING AND MEASURING TECHNIQUES 

Observations of conditions in the sea generally 
must be made in situ and the information trans- 
mitted back to the observer, or the result must be 
recorded in situ and retained for reading when with- 
drawn from the sea. Consequently, the marine sci- 


entist is faced with peculiar problenib of technuiuc 
and the use of special equipment to obtain much oi 
his information dbc4(t sea water Some of the more 
commonly used methods and devites for obtaining 
observations relative to the physical pro pei ties of 
sea water are described here. For information per- 
taining to the collection of living organisms in the 
sea, the sampling of the ocean bottom, and the 
measurement of bubsurface currents, see Marini 
SEDIMFNTS; OcEAN fURRFNTS. 

Temperature-measuring devices. Temperature 
measurements in the surface layer of the ocean, lo 
depths of 900 ft (275 m), are usually made with 
the bathythermograph, or BT, a nonelectric device 
which gives a continuous record of water tempera- 
ture and depth as it is lowered and raised. The 
instrument can be operated at frequent intervals 
while underway and therefore provides a rapid 
means of obtaining a detailed picture of tempera- 
ture distribution within the surface layer. See 
Bathythermograph. 

Reversing thermometers. The most reliable and 
widely used temperature-measuring device is the 
deep-sea reversing thermometer. This mercury-in- 
glass thermometer rec^ords the temperature at the 
time it is inverted. It is reliable to about 0.01 
with proper corrections. These thermometers arc 
usually in a pressure-proof glass tube. In this man- 
ner the thermometer is protected from the effect of 
pressure, and the true water temperature is given 
These same thermometers are available with a 
mercury bulb which can be exposed to sea pressure. 
The compression of the bulb on these unprotected 
thermometers causes them to read about l^C 
for each 100 m depth. When protected and unpf®* 
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tected reversing thermometers are used in pairs, 
they give both temperature and depth (thermo- 
metric depth). Reversing thermometers usually 
are attached to a reversing water bottle which col- 
lects a water sample when it is inverted. 

Electrical thermometers. Since 1950 a rapidly in- 
creasing number of electric temperature record- 
ers have been developed around thermistor beads 
encased in glass. A typical thermistor will change 
resistance 4^^ or about 100 ohms/®C and will 
have a thermal time constant of a few tenths of 
1 sec. Electric temperature recorders are usually 
made to plot temperature against time. They are 
often used to study microstructure and may have 
d sensitivity of 0.01-0.001°C. When measuring ele- 
ments are to be lowered from a ship, the recorder 
IS usually made to plot temperature against depth. 

In 1958 a system was developed utilizing elec tri- 
cal thermometeis attached to a special cable which 
(Oil id be towed behind a vessel at 500 ft and at 
•speeds of 10 knots. The thermometers are attached 
to the cable at 25-ft intervals. A facsimile type of 
recorder draws rontinuoiis isotheims on a depth- 
distance plot The depth of each degiee oi tenth- 
degiee isc»therm is plotted every 2 sec*. 

Radiation thermometers have been built and 
llown from low flying aircraft. These measure 
changes in temperature of the water surfac’e to 
about 0 !"(]. Radiotelemetering buovs permit wa- 
tci and ail teinperatuies to be observed on imat- 
lendc'd btio>s and transmitted to land. 

Water samplers. For many chemical and gas 
analyses it is essential to obtain samples of 100 
1000 ml of sea water. These usually are obtained 
b\ a senes of Nansen bottles attached on ^lo-iii 
h\diogiaphic cable The bottles are designed to 
flush rontintiouslv when lowered in an upright po- 
sition. A weight messenger is then sent down the 
cable. As it strikes the tripping devic*e of the Nan- 
sen bottle, the bottle is inverted and the lids are 
closc'd (Fig. 8). At the same time another messen- 
gei IS released to trip the next lower bc»ttle and 

on. Usually two reverring thermometers are at- 
tached to each bottle. The thermometer and water 
bottle give accurate results but the method is very 
time-consuming. To obtain a synoptic picture of " 
temperature and salinity, or density, a number of 
( losely spaced observations must be taken in a rela- 
tively short period of time. 

In an effort to eliminate contamination from a 
mc*tallir case, samplers such as the Van Dorn have 
been made from plastic tubing. Large rubber stop- 
pers on each end are pulled shut by rubber bands. 
Simple open-tube-type samplers of Vio-lO-litcr ca- 
pdf itv can easily be made. 

Measurements such as carbon-14 require samples 
AS large as 200-400 liters. Flushing of such large 
^'dmplers requires either a large open-ended hose 
* instruction or a barrel with two flapper-type ports 
And water scoops to aid ventilation. After the 
"topic is brought to the surface, some large sam- 
plers arc retrieved on deck while full. Others are 
toptied while still in the water by means of a hose. 



Fig 6. Nansen bottle in three positions, (From Instruc- 
tion Manual for Oceanographic Observations, U,S. 
Navy Hydrographic Office PubI, 607, 2d ed., 1955) 

Ointiniious electrical tempciature recorders that 
obtain tempeiatures with a single probe will almost 
I eitdinly be used in the future. This will incrc*ase 
the nc'ed for a single collecting device that will 
lake many water samples when used at the end of 
the c j »le. [ A.c.v.] 

Serai observations. The,e are measurements 
of temperature, salinity, and other properties at a 
senes of depths at sonic location in the ocean (an 
oceanographic station), by which the distribution 
in space and time of these properties (and others 
computed from them such as density and geopo- 
tential » uiay be described. 

Bottle ^ in senes, A number of water samplers 
^with thermometers attached are usually lowered on 
the same cast. As many as 26 samplers have been 
lowered at once. The number depends on the num- 
ber of levels to be sampled, the strength of the 
wiie, and the extent of possible damage to the 
equipment which may result from the roll of the 
ship or from dragging the bottom. 

After the first (deepest) bottle is attached, the 
wire is paid out and the next bottle and its mes- 
senger are attached. When all bottles have been 
lowered it is necessary to wait for the thermome- 
ters to approach equilibrium (about 10 min) be- 
fore releasing a messenger to trip the cast. If the 
wire is nearly vertical the messenger falls about 
200 m/min. At high wire angles (60^ and more 
have occurred under high wind conditions or strong 
current shear) the messenger will fall more slowly 
and may stick. The angle can sometimes be reduced 
by maneuvering the ship. 
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After allowing time for the final messenger on 
the cable to trip the deepest bottle the wire is 
pulled in and the bottles removed. Water samples 
are drawn into laboratory bottles and the thermom- 
eters are read. 

Thermometric depths. When protected and un- 
protected thermometers are reversed at the same 
depth, the unprotected will give a higher reading 
because of the pressure on its hulb. The difference 
in the two readings depends upon the pressure at 
reversal, and since this is proportional to depth the 
^^thermometric depth” can be computed. With in- 
formation from both protected and unprotected 
thermometers at several of the levels, the shape of 
the wire can be estimated and the depths of the 
other samplers computed. Unprotected thermome- 
ters are ordinarily used at depths greater than 200 
m, since the depth of the upper bottles can be com- 
puted from the wire angle and length. Depth com- 
putations are estimated to he accurate to =b5 m in 
the upper 1000 m and to about 0.5% of wire length 
below that. 

Standard depths. In 1936 the International Asso- 
ciation of Physical Oceanography proposed cer- 
tain standard levels at which observations should 
be made or values interpolated in reporting. They 
are (in meters) 0, 10, 20, 30, .50, 75, 100, 150, 200, 
(2.50), 300, 400, .500, 600, (700), 800, 1000, 1200, 
1500, 2000, 2500, 3000, and by 1000-m intervals at 
greater depths (depths in parentheses being op- 
tional). These values are recommended as a con- 
venient standard of comparison, not as being suffi- 
cient for measuring the ocean everywhere. Where 
the precise level of maxima or minima in the vari- 
ous properties is to be determined, the standard 
depths may not be adequate, and more depths must 
be sampled. 

Analysis of water samples. The development of 
analytical methods to measure the kind and quan- 
tities of dissolved substances in sea water has par- 
alleled advances in analytical chemistry; such 
methods are iisuallv modification^ of techniques 
and procedures developed for other purposes. 

In addition to the usual considerations of accu- 
racy, precision, speed, and cost that control the 
choice of analytical methods in most applications, 
methods for sea-water analyses are further re- 
stricted by the necessities of performing some 
analyses on shipboard immediately after the sam- 
ples are obtained and of storing other samples for 
analyses that can be performed only in a shore- 
based laboratory. For example, analyses for bio- 
logically active substances, especially those present 
in trace quantities, are performed on shipboard; 
analyses for which the highest precision and accu- 
racy are demanded, frequently tliose which require 
precision weighing, are performed in shore-based 
laboratories. 

The most complete study now on record of the 
concentrations of major sea-water constituents — 
chloride, sodium, magnesium, sulfate, calcium, and 
potassium — was conducted by W. Dittmar on 77 
samples taken during the round-the-world cruise 


of HMS Challenger in 1878-1876. Dittmar*s analy- 
ses were made by what are now considered classi- 
cal gravimetric and weight titration procedures: 
chloride was analyzed by the Volhard method ; cal- 
cium, by precipitation of the oxalate followed by 
ignition to and weighing of the oxide; magnesium, 
by precipitation of magnesium ammonium phos- 
phate followed by ignition to and weighing of pyro- 
phosphate; sulfate, by precipitation and weighing 
of barium sulfate; potassium, by precipitation of 
potassium chloroplatinate followed by weighing of 
metallic platinum after reduction with hydrogen; 
and sodium, indirectly, as the difference between 
the measured sum of all cations as sulfates and the 
sum of the magnesium, calcium, and potassium 
calculated as sulfates. Despite empirical correc- 
tions and analyses by difference in Dittmar*s study, 
more recent analyses have produced only small 
changes in the mean values of the concentrations 
of the major constituents. 

New analytical methods give results which on the 
average are not very different from those obtained 
by classical methods, but the increased accuracy 
and precision that can be obtained with some of 
the newer methods permit estimates to be made of 
relatively small, local changes in the concentration 
of the maior constituents. For example, J. H. Car- 
penter devised a method for the measurement of 
calcium having a precision (and probable accu- 
racy) of a few parts in ^0,000. The method incor- 
porates separation of calcium from all other cat- 
ions using ion-exchange chromatography and a 
complexing elutant, followed by a spectrophoto- 
metric weight titration. Analyses of samples taken 
on the Bahama Banks clearly show the effect of 
calcium carbonate precipitation, a process that is 
active in the region. 

Many biologically actiye substances are present 
in concentrations of micrograms per liter or less. 
For example, dissolved phosphorus and nitrogen 
compounds are measured at sea by colorimetric 
and spectrophotometric methods. Dissolved oxygen, 
in the parts per million range, is measured by the 
Winkler titration, a procedure that terminates in 
an iodimetric titration. 

Analytical procedures used on shipboard must 
be unaffected by ship’s motion, both the roll and 
pitch, caused by waves and winds, and the vibra- 
tion from engines and generators; and by high 
humidity and wide variations in temperature. Ana- 
lytical instruments must be relatively insensitive to 
poorly regulated power supplies. Lengthy or com- 
plicated procedures are not suited for use at sea. 
The instrumentation of chemical procedures is one 
of the problems of oceanographic instrumentation. 

The measurement of the halide concentration, 
(predominantly chloride), a property called chlo- 
rinity and used in the computation of in situ den- 
sity, is frequently done with a modification of the 
classical Mohr titration of halides with silver ni- 
trate using chromate as an indicator. Adaptation to 
oceanography has produced a highly standardized 
technique using specially designed ^ipets and bu- 
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rets. Laboratories throughout the world calibrate 
the entire chlorinity measurement with a carefully 
analyzed sea-water standard (Eau de Mer Normale) 
which ib prepared and analyzed in Copenhagen by 
the International Council for the Exploration of the 
Sea and distributed at nominal cost to all users. 

The practical application of electrical conductiv- 
ity instruments for the indirect measurement of 
chiorinity at sea has been demonstrated and pre- 
cise measurements of the conductivity, tempera- 
ture, chlorinity relationship have been made. D. W. 
facobson designed an instrument, using electrical 
conductivity, which provided a record of in situ sa- 
linity, temperature, and depth. Various modifica- 
tions of existing instruments are being tested 
Although conductivity has a high temperature coef- 
hcient, thereby making it necessary either to meas- 
uie or control the temperature at the conductivity 

i ell to at least dbO.Ol ®C, the fact that several sam- 
ples ( an be processed at one time in the laboratory 
model makes this a desirable method for the routine 
measurement of ( hlonnity 

More recently (1957) an ‘Vlectrodeless*’ method 
f»f measuring conductivity has been devised at the 
Chesapeake Bay Institute Working on an induct- 
an«c prim i pie— the underwatei unit is essentially 

ii tertiary transformer this method provides the 
means of in situ measurement and does away with 
the need for the frequent cell calibration of the 
conventional conductivity procedures. fD.F.r.*] 

Water color and transparency. The physical re- 
lationships governing the penetration and absorp- 
linn of light, the color of the water, and the trans- 
parency of the sea are of prime importance to 
phvsical and biological oceanography. Instruments 
for measuring the color (transmittance) and trans- 
parency of the water are discussed below. 

If ater color. The color of water in the visual 
sense is a phenomenon which has both objective 
and subjec live aspects. From an objective point of 
view the color of water is primarily the result of 
^elective scattering and absorption of visible light 
by the water itself or by the dissolved or suspended 
material in the water. The color which is brought 
about by these basic mechanisms can, however, be 
drastically altered by the color of the bottom, when 
visible, by surface films, by the color of the sky or 
the reflected images of other objects, by the spectral 
quality of the source of light, and by the optical 
state of the water surface, as well as by subjective 
phenomena such as the chromatic adaptation of the 
observer. 

From a physical point of view the color of water 
IS the color of the hydrosol only and can be ob- 
served on an overcast day in deep water with the 
aid of a face mask. 

Transmittance. The transmittance of water is 
(■losely related to its color. In measuring the trans- 
mittance of a path length R of water, consideration 
^ust be given to the directional distribution of 
the light as well as to its spectral composition. 
Tot monochromatic light the general equation for 
transmittance is f - er^^. The attenuation coeffi- 


cient C varies with the directional distribution of 
the light, being maximum for collimated light and 
minimum for completely diffuse light. Modern the- 
ory makes use of the attenuation coefficients for 
both collimated and diffuse light. Their independ- 
ent measurement is therefore essential. The coeffi- 
cient a, equal to C for collimated light, is commonly 
measured with an instrument having a colli- 
mated source of light (Fig. 9). The coefficient 
equal to C for diffuse light, is commonly measured 
under natural illumination by means of a photo de- 
tector and a diffusing plate (Fig. 10) having co- 
sine collecting properties. Downwelling irradiance 
readings Hi and H 2 are taken at two depths, di and 
1 / 2 , and the experimental coefficient K is computed 
from the equation 

Hi /H2 = e*^^i> 

Data on the geographic and chronological varia-« 
lions of a and K are still being collected (1958) 
Some monochromatic data for a are available. Re- 
cent monochromatic data (1958) for K are given 
in Table 5. 

Transparency. Measurements of water transpar- 
ency or clarity are often made with a Sec chi disk, 
an opaque white disk which is held horizontally 
and lowered into the water until it disappears, 'fhe 
greatest depth at which it can be visually detected 
is called the Secchi-disk reading and is related in 
a complex way to the optical properties of the wa- 
ter. Secchi-disk readings depend on the sire and 
reflectance of the disk, the state of the sea surface, 
the state of the sky, the light adaptation level of 
the observer, and the technique of ohscrving, as 
well as many other minor factors. 

When the above factors are r ontrolled it can be 
shown that the apparent contrast of the disk will be 

Cr « Coe 

where Co is the inherent contrast of the submerged 
disk. Co depends on the submerged reflectance r of 
the disk alld the reflectance of the surrounding wa- 
ter Tfc as follows: Co (r — rfc)/rfc. Definitions of 

Table 5. Spectral values of diffuse attenuation 
coefficient, K per meter* 


Wavelength, 

mil 

Near-surface values. 
28-56 m 

Deep-ocean values, 
56-1.59 m 

400 

0 121 


420 > 

0139 

0 0902 

440 

0133 

0 0820 

460 

0118 

0 0749 

480 

0115 

0 0611 

500 

0106 

0 0527 

520 

0 0995 

0 0545 

540 

0107 

0 0806 

560 

0105 

0 08.52 

580 

0110 

0 0908 

600 

0107 

0 0933 


* Computed from measurements of relative downwelling 
irradiance obtained by Dr J C Hubbard, Woods Hole 
Oceanographic Institution, with a submerged mono- 
chromater having a bandwidth of approximately 10 m/i 
Location of meaauramenU lat 89*58^, long 68*42W 




Fig. 9. Hydrophotometer for obtaining the volume at- 
tenuation coefficient a. (Yisibihfy Laboratory, Scripps 
Institution of Oceanography) 



Fig 10. Irradiance collector for obtaining experimen- 
tal values of the diffuse attentuation coefficient K. 
(Visibility Laboratory, Scripps Institution of Oceanog- 
raphy) 


Of and fC appear in previous sections; d is the depth 
of the disk below the surface. 

If one uses the utmost precaution and careful 
technique and does not overlook the effect of hu- 
man eve ( apabilities in the final computation, it is 
possible to obtain the sum nr 4- K from a Secchi- 
disk reading It is ob\ioub that Secchi-disk meas- 
urements taken from the deck of a ship can be used 
only to describe the surface strata. [ r.n.T.] 

Bibliography: H. Barnes, Apparatus and Meth- 
ods of Oceanography, 1959; H. Barnes, Oceanog- 
raphy and Marine Biology, 1959; I. H. Carpenter, 
The determination of calcium in natural waters, 
Limnol. Oieanogr., 2:271 280, 1957; D, E. Carritt, 
Analytical chemistry in oceanography, /. Chem, 


Educ., .H5(.3) :119-122, 1958; J. B. Heisey, Elec- 
tronics in oceanography. Advances in Elertronus 
and Electron Phys., 9:239 295, 1957; E. O. Hul 
hurt. Optics of distilled and natuial wafer, /. Opt, 
Soc. Am,, 35(11) :r)98-705, 1945; Instruction Man- 
ual for Oceanographic Observations, U.S. Naw 
H.O. 607, 2d ed , 1955; H. U. Sverdrup, M. W 
Johnson, and R. H. Fleming, The Oceans, 1942. 

Sea water fertility 

The fertility of a given area of the sea may be 
defined in terms of the capacity of the organisms 
which it contains for the production of organic 
matter. In practice, measurement of the productive 
capacity of the plants is sufficient, because their 
fixation of carbon from carbon dioxide is the pri- 
mary productive process. The rate of this process 
can be measured directly, or the amount of organic 
matter can be estimated in other ways. The estima- 
tion of the quantity of living organisms present at 
any time in a particular place (the standing crop) 
is difficult and is a measure only of a momentary 
point of balance between rates of production and 
destruction. It is not a measure of fertility. See 
Biological productivity; Biomass; Food chain; 
see also Ecological systems, energy in; Marini 
BIOLOGICAL sampling. 

The following list gives estimates of the annual 
production of biomass in the English Channel. They 
rest on many assumptions and are approximate 
only. 

Biomass, g/m^ 
Producers living material 
Phytoplankton 730-910 

Zooplankton 275 

Pelagic fish 2.9 

Demersal fish 1.9 

Benthic organisms 35 


Coastal and oceanic waters differ considerably in 
the types of organisms which they support. The 
chief difference is in the bottom fauna, which is 
often abundant in shallow water and sparse in the 
deep oceans where the deeper-living creatures de- 
pend on what falls to them from the upper pro- 
ductive layers. See Deep-sea fauna. 

Fertility of the oceans. This depends primarily 
on the production of phytoplankton in the upper, 
illuminated layers. The plants are mostly diatoms 
and flagellates which reproduce by division, on the 
average probably less than once per day. They sink 
slowly, but are usually eaten by the small zooplank- 
lon before reaching the sea bottom. Their chemical 
composition, unlike that of most land plants, shows 
a high protein (40-S0% ) and a high fat (20 27^ ) 
content and resembles that of the animals which 
follow them in the food chain in the sea. 

The phytoplankton needs radiant energy, car- 
bon dioxide and water, nitrogen and phosphorus, 
and a range of other elements of which there 
seems usually to be no shortage, with the possible 
exceptions of silicon, iron, and manganese Since 
there is always enough carbon dioxide and water, 
plant growth is normally limited by the supply of 
radiant energy, nitrogen, and phosphorus The rate 
of giowth IS somewhat temperature-dependent. 
na> light is absorbed bv sea water and at depths 
usually less than 100 m is attenuated to an inten- 
sity of less than 0 5 cal/((m“) (day) which is too 
low to allow continued growth of the phytoplank- 
ton, the latter requires intensities of up to about 
SO (al''(cm"’) (dav). In latitudes where low solar 
elevation in winter gives too low an irradiation 
there is a seasonal variation. When illumination is 
adequate, plant gmwth may be limited bv the sup- 
ply of nitrogen, phosphorus, and trace elements. In 
the surface layers in winter, nitrogen (mostly as 
nitrate) may be present in concentrations up to 
200 jLig N/liter, and phosphorus (as phosphate) up 
to 40 /i.g P/litcr. These concentrations may be re- 
duced almost to zero in summer. A further supply 
IS in circulation in plants and animals. The deep 
waters of the oceans contain greater quantities of 
these nutrients, and where water movements bring 
them to the surface, increased phytoplankton 
growths occur. 

Geographical variations are found, therefore, 
both in productive capacity and in standing crops. 
Measured rates of productivity vary up to well over 
100 g carbon/ (m*) (year) ; 1 g carbon may be 
taken as equivalent to about 16 g living material. 
The standing crop of plants is in the range 0.1- 
10 g C/m^. Tlie productivity of all the oceans has 
been put at 1.6-15.5 X 10'® tons C/year, compared 
vvith 1.9 X 10'® tons C/year for the land areas of 
the world. [f.a.j.a.] 

Productivity and its maasuromont. The pro- 
duction of organic matter in the sea, as on land, is 
accomplished by the photosynthetic activity of au- 
totrophic plants. In coastal waters, where sunlight 
penetrates to the bottom, both rooted plants and 
benthic algae contribute to this process. In the 
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open sea, organic production is limited to unicellu- 
lar algae, the phytoplankton, which live suspended 
in the upper layers of all ocean waters. 

Productivity of benthic plant communities may 
be determined by periodic harvest and measure- 
ment of their growth over discrete time intervals. 
Such direct methods are impossible in the study of 
the short-lived plankton because of unmeasura- 
ble losses from natural death, predation, sedimen- 
tation, and advection. 

A more satisfactory approach to both benthic 
and planktonic plant production is thiough meas- 
urement of chemical changes of the water accom- 
panying photosynthesis and growth. These may be 
followed in situ for periods langing from 1 day to 
several weeks, oi in vitro bv exposing representa- 
tive samples of the plant population to natural 
conditions for periods not exceeding 1-2 days. 

Photosynthetic activity is indicated by the 
changes in the water of nitrogen and phosphorus 
salts, oxygen, and carbon dioxide, and b> the de- 
gree of acidity (pH). Calculations based on in situ 
changes of these indicators must allow for gas ex- 
changes across the water surface and the effects of 
vertical mixing between surface and deep waters. 
In such calculations the hoiizontal advection is 
generally neglected, and complete chemical recy- 
cling between sampling periods cannot be ac- 
counted for. For the last reason, the method tends 
to give conservative estimates of productivity. 

Experimental in vitro studies include measure- 
ment of oxygen production, carbon dioxide assimi- 
lation, and pH change. Both in situ and in vitro 
changes of these properties represent the net effect 
of photosynthesis and respiration (by both plants 
and animals), and hence measure net production 
Respiration may be measured separatelv in vitro in 
dark-bottle experiments. This measurement, when 
added to the net change observed in transparent 
bottles, gives a measure of real photosynthesis or 
gross production. Oxygen-bottle experiments lack 
the necessary sensitivity for use in the open sea, 
where plgnkton are sparse, and have been largely 
replaced by the extremely sensitive method of 

? ieasuring CO 2 uptake using C'^ as a tracer. 

'*02 uptake appears to be equivalent to net pro- 
duction (photosynthesis minus respiration) by the 
plant community. 

A third method for estimating productivity is 
based on the premise that photosynthesis is a func- 
tion of two independent variables, the chlorophyll 
content of the plants and the light intensity which 
they receive. Production may be calculated from 
simultaneous measurements of these factors in the 
ocean and from their experimentally derived rela- 
tionship to photosynthesis. 

The few existing measurements of dense benthic 
plant communities indicate that they may produce 
as much as 20 g organic matter/ (m^) (day), an 
amount equivalent to the best agricultural yields on 
land. Plankton production seldom if ever attains 
this level, though values half as great are not un- 
common. The productivity of shallow, inshore wa- 
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tm is generally higher than that of the open sea, 
but the eeaaonal range of most marine areas in- 
cludes two orders of magnitude. The mean annual 
rate of production in the oceans as a whole is a 
matter of some controversy, but probably lies be- 
tween 100 and 300 g organic matter/m* sea sur- 
face« which represents an efficiency of utilization of 
0.1-0.2% of incident, visible solar energy. rj.H.RY.] 
GsMcraphic variations in productivity. Strictly 
speaking, valuations in productivity imply varia- 
tions in the rate of entry of carbon into the or- 
ganic cycle, or gross photosynthesis. The extent to 
which this takes place in the sea is determined by 
the amount of photosynthesizing plant tissue pres- 
ent, the temperature, and the available light en- 
ergy. The net productivity is the rate of plant 
growth. This is of greater value as a measurement 
because it eliminates from the determination the 
respiratory and excretory losses of the plants and 
specifies the production of food for the planktonic 
animals. Variations in net productivity depend on 
the physiological and oceanographical factors af- 
fecting algal growth in the sea, to which the avail- 
ability of nutrient salts is of prime importance. 

The limited penetration of daylight into the sea 
restricts plant growth to the upper euphotic layer 
where the nutrients can be assimilated. The plants 
sink to deeper layers where the nutrients are re- 
leased by decomposition of plant material by mi- 
croorganisms and returned to the sea. Acting 
against this downward transport of nutrients is 
eddy diffusion (produced by turbulence), which 
brings nutrients up to the surface from the richer 
deeper waters. This is facilitated where the water 
is homogeneous and suppressed by stratification. 
Currents perform the major transport of nutrients. 


and where surface divergences occur, upwelling 
currents bring deeper water to the surface (see 
illustration). In the illustration the north Indian 
Ocean and the China Sea appear under southwest- 
ern monsoon conditions; these currents are re- 
versed, with a shift in regions of divergence, in the 
northeastern monsoon. See Southeast Asian wa- 
ters; Upwelling. 

In temperate and higher latitudes there is a pro- 
nounced seasonal cycle, with suppressed produc- 
tion in winter because of excessive turbulence 
and lack of light, a rapid burst of growth in spring, 
and limitation of this growth by lack of nutrients 
when the waters stabilize in summer. Frequently in 
autumn there is a subsidiary flowering before 
growth is again limited by lack of light. 

In tropical and subtropical regions a more per- 
manent stratification limits nutrient supply to the 
euphotic zone, and there appears to be a low net 
production rate. Exceptions are found in regions 
of divergence, principally on the western coasts of 
the continents and to a lesser extent in the open 
ocean in the equatorial region, where upwelling of 
rich deeper waters permits a high productivity, of- 
ten throughout the year. 

The question of relative production in high and 
low latitudes is still undecided, for the high produc- 
tivitv of the polar seas is of short seasonal duration 
and the tropics may in fact equal it on an annual 
basis, although running at a lower instantaneous 
rate. As yet, measiiremems of production rates are 
inconclusive on this point. 

Some estimate of the production of higher ani- 
mals can be obtained from commercial fishing and 
whaling statistics, and the correlation with net pro- 
duction rate appears to be fairly good, but is modi- 
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lied by feeding and breeding requirements of the 
animals in question and by the fact that many 
higher animals of no commercial interest may be 
produced in some areas. [r.i.c.1 

Siie of populations and fluctuations. A popu- 
lation is defined as the smallest collection of organ- 
isms of a given species whose numbers are main- 
tained solely by reproductive processes to which 
every mature memW of the population contrib- 
utes, or is potentially able to contribute. A popula- 
tion usually occupies a definable area, has one or 
more specific centers of reproduction, and its mem- 
bers usually possess a set of morphological or 
physiological characteristics by which they may 
be recognised and distinguished from other popu- 
lations of the same species ; such features, however, 
are not in themselves sufficient to establish the 
concept of population. 

Methods of measuring the size of marine popu- 
lations are of three basic kinds. The first is by a 
census based on samples which together constitute 
a known fraction cither of the whole population, 
ds in the case of sessile species such as shellfish, 
01 of a particular age-range, as in the case of fish 
which have pelagic eggs, the total abundance of 
whic h can be measured by fine-meshed nets hauled 
vei tic ally through the water column The second is 
by marking or tagging, in which a known number 
of marked individuals are mixed into the popula- 
tion and the ratio of unmarked to marked individ- 
uals is subsequently measured from samples. The 
third IS applicable to commercially exploited pop- 
ulations where the total annual catch is known; 
the mortality rate caused by exploitation is meas- 
uted, based on the age composition of the popu- 
lation, thus establishing the fraction which the 
catch is of the population. The last two methods 
are most generally used Details of the methods are 
given by R. J. H. Beverton and S. J. Holt (1957). 

The largest measured populations are of pelagic 
fish, particularly of the herring family and related 
species (Clupeoidei) ; one of these is the Norwe- 
gian herring, Clupea karengus, which contains on 
the order of 1,000,000,000 mature individuals and 
ranges over hundreds of miles of the northeast At- 
lantic. 

Fluctuations in the size of marine fish popula- 
tions may be broadly classified as long-term, with a 
periodicity of the order of 30< 100 years, and short- 
term, with a periodicity of less than 10 years. The 
first are known from historical records of certain 
commercial fisheries and are probably caused by 
long-term climatic changes influencing water condi- 
tions, especially the current systems. The second 
arc due primarily to variation in the size of the 
Year-classes entering the population each year; 
> ear-class variation may be up to thirtyfold and Is 
caused mainly by environmental conditions affect- 
ing the survival of eggs and larvae. 5ee Climatic 
CHANGE. rR.J.I|,B.] 

BioloKical speclM and water maasea. Biogeo- 
araphical regions in the ocean are related to the 
distribution of water masses. Their physical and 
ecological individuality is derived from partly 
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closed patterns of circulation and from amounts 
of incident solar radiation characteristic of lati- 
tudinal belts. Each region may be described in 
terms of its temperature-salinity property and of 
the biological species which are adapted to all or 
part of the relatively homogeneous physical-chemi- 
cal environment. 

Cosmopolitan species. The discrete distributions 
of many species are circumscribed by the regions 
of oceanic convergence bounding principal water 
masses. Other distributions are limited to current 
systems. Cosmopolitan species are distributed 
across several of the temperature-salinity water 
masses or oceans; their wider specific tolerances 
reflect adaptations to broadly defined water types. 
No pelagic distribution is fully understood in terms 
of the ecology of the species. 

A habitat is integrated and maintained by a cur- 
rent system: oceanic gyral, eddy, or current, with 
associated countercurrents. This precludes specid^ 
extinction that could occur if a stock were swept 
downstream into an alien environment The posi- 
tions of distribution boundaries may vary locally 
with seasonal or short-term changes in temperature, 
available food, transparency of the water, or direc- 
tion and intensity of currents. 

Phytoplankton species are distributed aciording 
to temperature tolerances in thermal water masses, 
but micronutrients (for example, vitamin Biz) are 
essential for growth in certain species. The cells of 
phytoplankton reproduce asexually and sometimes 
persist in unfavorable regions as resistant resting 
spores. New populations may develop in prompt 
response to local change in temperature or in nu- 
trient content of the water. Such species are less 
useful in tracing source of water than longer- 
lived, setually reproducing zooplankton species. 

Indicator organisms. The indicator organism con- 
cept recognizes a distinction between typical and 
atypical distributions of a species. The origin of 
atypical water is indicated by the presumed affinity 
of the transported organisms with their established 
centers ofdistribution. 

Zooplankton groups best understood with respect 
jMi their oceanic geography are crustaceans such as 
copepods and euphausiids, chaetognaths (arrow 
worms), polychaetous annelids, pteropod mollusks, 
pelagic tunicates, foramaniferans, and radiolarians. 
Of these the euphausiids are the strongest diurnal 
vertical migrants (200-700 m). The vertical di- 
mensiop of euphausiid habitat agrees with the 
thickness of temperature-salinity water masses, and 
many species distributions correspond with the po- 
sitions of the masses. In the .Pacific different spe- 
cies, some of which are endemic to their specific 
waters, occupy the subarctic mass (such as Thy- 
sanoessa longipes)^ the transition zone, a mixed 
mass lying between subarctic and central water in 
midocean and between subarctic and equatorial 
water in the California Current (for example, 
Nemaioscelis difficUis)^ the barren North Pacific 
central (such as Euphausia hemigibba) and South 
Pacific central massas (for example, Euphausia 
gibba)^ the Pacific equatorial mass (sqch'as Ba- 



122 SMl(sMla«y) 

phausia diomediae)^ a southern transition zone 
analogous to that of the Northern Hemisphere 
(represented by Nematoscelis megalops) ^ and a 
circumglobal subantarctic belt south of the sub- 
antarctic convergence (such as, Euphausia lucens), 
Epipelagic fishes and other strongly swimming 
vertebrates are believed to be distributed according 
to temperature tolerances of the species and avail- 
ability of food. However, distributions of certain 
bathy pelagic fishes (such as Chauliodus) have been 
related to water mass. [e.b.] 

Bibliography: R. J. H. Beverton and S. J. Holt, 
On the dynamics of exploited fish populations. 
Fish. Invest. (London), 19, 1957; G. E. Fogg, The 
Metabolism of Algae^ 1953; H. W. Harvey, The 
Chemistry and Fertility of Sea Waters^ 2d ed., 
1957; H. B. Moore, Marine Ecology^ 1958*; Natl. 
Acad. Sci.-Natl. Research Council, The Effects 
of Atomic Radiation on Oceanography and 
Fisheries^ publ. 551, 1957. 

Seal (zoology) 

Any of a large number of aquatic carnivores of the 
ipborder Pinnipedia, all adapted for aquatic life 
through the modification of the legs into flippers, 
the digits being fully webbed, llie body is slender 
and the tail is short. There are three families, two 
of which occur off the coast of North America. The 
family Otariidae includes the sea lions and the fur 
seals. The latter are valuable fur bearers. The 



The Alaska fur seal, Callorhinus ursinus. (Karl W. 
Kenyon, National Audubon Society) 


northern fur seal, Callorhinus ursinus, is now well 
established as a thriving and valuable fur resource, 
breeding in large numbers on the Pribiloff Islands, 
Alaska. At one time, this species became almost 
extinct due to unregulated hunting. 

The hair seals, family Phocidae, lack the wooly 
underfur of the Otariidae and have other anatomi- 
cal distinctions. There are many species of this cos- 
mopolitan family. Some are important food and 
skin animals to Eskimos, but otherwise they are of 
little value. See Carnivora; Sea lion. [j.d.b.] 

Seal, pressure 

A seal is used to make pressureproof the interface 
(conUcting surfaces) between two parte that have 
frequent or continual relative rotational or transla- 


tional motion and are known as dynamic seals, as 
compared with static seals (see Gasket). While 
the pressure in seals is lower than in gaskets, the 
motion hinders their effectiveness so that there are 
more types of seals than gaskets, each type at- 
tempting to serve its environment. The materials 
are leather, rubber, cotton, flax, and for piston 
rings, cast iron. The forms of nonmetallic seals are 
rectangular, V-ring, and 0-ring. Cartridge seals are 
available for rolling-contact bearings. Special seals 
include carbon ring and labyrinth seals for turbines 
(see Steam turbine) and mechanical seals for 
pumps. fP-H.B.] 

Seamount and guyot 

An isolated submarine mountain rising 3000 ft or 
more above the ocean floor. The oceans cover at 
least 10,000 such mountains which occur as vol- 
canic peaks on ridges, or rises, or as individual 
peaks. 

Flat-topped seamounts are called guyots, or ta- 
bleinounts (see illustration). They are present on 
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Proft Saamountt 142^30^ 56^20^. Plan and profile 
of an isolated flof-toppod teomount (guyof) In tha 
Gulf of Alaska. Contour interval 100 fathoms. 
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all ocean floors but are most common in the Pa- 
riiic. Bottom samples dredged from several guyots 
include reef corals and rounded volcanic cobbles. 
Both the coral and volcanic erosion debris indicate 
that the flat top^ were once at sea level though they 
arc now 1000-7000 ft below the ocean surface. 
Thus guyots are ancient islands which were trun- 
cated to sea level by erosion. See Ocfanic isiands. 

Cuy<»ts may ha\e subsided to their present depths 
or they ma> have been relatively immobile while 
sea level lose. It is not certain which process domi- 
nated in general or in any particular place. A pos- 
sible exception is known in the Gulf of Alaska 
wheie a line of guyots intersects the Aleutian 
Tienih. There all guyots are about % mile deep 
except one situated on the axis of the trench which 
IS almost miles deep It appears that the addi- 
tional mile of depth may have been produced by 
the subsidence of the trench under the deepest 
guvot. See OfFANic isi ands; Sfa irvn FiiirruA- 
TioNs; SiJRMARTNF loPOGRAPHY; see also Atot I ; 
(’ORAI MIT 

If.i.h.; h w.m I 


Search coil 

A device used for measuring the flux density in a 
small region of a magnetic field. The apparatus con- 
sists of a small c oil connected by flexible leads to a 
ballistic galvanometer. If the coil is plac ed with its 
plane pei pendiciilar to the magnetic field, the flux 
threading the < oil is «l> = BA, where A is the area 
of the coil and B the magnetic induction (see In- 
duction, MACrNEiic; Magnlik flux). When the 
coil is cfuickly turned thiough a quarter turn or is 
withdrawn from the field to a place where B is zero, 
the flux thiough the coil is changed from BA to zero 
During this change, there is an electromotive force 
(emf) whose instantaneous value is e, and a cur- 
rent in the closed circ iiit whose instantaneous value 
is I, given by 


e 



where K is the resistance of the entire circuit of 
coil and galvanometer If N is the number of turns 
in the coil 


Seaplane 

\n airplane that takes off from and alights on 
watei (see Airpi Anf) In a seaplane, the neces- 
‘'drih large si/e of the pontoons leads to the use of 
llie undeiside of the fuselage as a hull, stepped for 
planing on the water: vehicles so designed are 
termed living boats The fluiditv of the water ab- 
soios shoik, thus, even if strut-mount floats are 
used, shock absorbeis are unnecessary. Because of 
spiay. elevator and engine nac^elle with propeller 
inav he mounted higher than for a land-based air- 
udfl. as illustrated. With the engine thrust well 
aliove the centei of gravitv, changes in thrust pro 
duce appreciable changes in trim. While at rest on 
the watei, a seaplane is supported by buoyancy 



Four-passenger, all-metal amphibian has tricycle for 
use on land and stepped hull with sponsons under 
>^ings for use on water. (Colonial Aircraft Carp,) 


While planing preparatory to take-off, it is sup- 
ported partly by hydrodynamic forces on ith hull 
and partly by aerodynamic forces on its wings. 
Once airborne, a seaplane is supported by wing 
Ifft. The vehicle must be stable throughout this 
change of support. See Buoyancy; Flight char- 
acteristics. [F.HJI.] 
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The deflection of the ballistic galvanometer is pro- 
portional to the charge q, hence, if the instrument 
ib propel Iv calibrated, the value of B can be deter- 
mined ( see Cai vanomftfr) The roil is frequently 
permanently c’onnecied to the galvanometer, and 
the calibration made with the coil in place 

If the cUrection of the field is not accurately 
known, several readings can be made with the plane 
of ihe coil in different orientations. The maximum 
deflection will be that for which the plane of the 
coil was perpendicular to the field. From this ob- 
servation, both the magnitude and the direction of 
the field are obtained. See Fliixmetfr. [k.v.m. | 
Bibliography: F. K. Harris, Electrical Measure- 
merits, 1952; W. C. Michels, Electrical Measure- 
ments anU Their Applications, 1957. 

Sebaceous gland 

A gland which produces and liberates sebum, a 
mixture composed of fat, cellular debris, and kera- 
tin. When the gland arises in association with a 
hair follicle it forms a thickened outpushing from 
the aide of the developing follicle near the epider- 
mis. Central cells in these sebaceous glands form 
oil droplets within the cytoplasm. These cells dis- 
integrate to liberate the sebaceous substance and 
are therefore of the holocrine type. The Meibo- 
mian or tarsal glands within the tarsus or support- 
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ing plate at the edge of the eyelids are sebaceous 
and complex tubuloacinous structures. The numer* 
ous separate glands open along the entire edge of 
the upper and lower lids. Retained secretions of 
the tarsal glands produce a cyst termed a chalo- 
adon or Meibomian cyst. See Epithelium; Gland. 

fo.K.N.] 

Second (time unit) 

The fundamental unit of time which, together with 
the centimeter and the gram, constitutes the centi- 
meter-gram-second or cgs system of units. The 
official definition of the second is the fraction 
!^i. 656 .f>i».'s .(>747 of the tropical year for 1900 January 
0 at 12 hr, ephemeris time. The date 1900 January 
0 is used by astronomers synonymously with 1899 
December 31. The second was formerly defined as 
the 86,400th part of the mean solar day, but was 
redefined in 1956 by international authority, owing 
to variations in the duration of the day. 

The second is nearly equal to the 86,400th part 
of the average mean solar day during the eight- 
eenth and nineteenth centuries. The sidereal second 
is the 86,400th part of the sidereal day. The mean 
solar second is the 86,400th part of the mean solar 
day. See Time. rc-M.c.l 

Secondary emission 

The emission of electrons from the surface of a 
solid into vacuum caused by bombardment with 
charged particles, in particular with electrons. The 
mechanism of secondary emission under ion bom- 
bardment is quite different from that under electron 
bombardment; the discussion here will be limited 
to the latter case because it is in this sense that the 
term secondary emission is generally used. 

The bombarding electrons and the emitted elec- 
trons are referred to respectively as primaries and 
secondaries. Secondary emission has important 
practical applications because the secondary yield, 
that is, the number of secondaries emitted per inci- 
dent primary, may exceed unity. Thus, secondary 
emitters are used in electron multipliers and in 
other electronic devices such as television pick-up 
tubes, storage tubes for electronic computers, and 
so on. 

Secondary yield. The most thoroughly investi- 
gated property of secondary emission is the yield as 
a function of the energy of the primaries. The yield 
may be measured by means of the circuit shown 
schematically in Fig. 1. A beam of primary elec- 
trons strikes a target with an energy determined 
by the potential difference between the target and 
the cathode. The primary beam passes through a 
hole in the ‘‘collector*’ which has been made posi- 
tive with respect to the target. The secondaries 
emitted by the target then flow to the collector, and 
the yield is obtained as the ratio of the secondary 
current i, to the primary current ip. 

An example of the >ield 8 as a function of the 
primary energy Ea is shown in Fig. 2 for a single 
crysul of magnesium oxide (MgO). The shape of 
the yield curve is essentially the same for all ma- 


terials, that is, 8 increases with increasing Eq to a 
maximum value 8fn occurring at a primary energy 
Eom, and then decreases as the primary energy in- 
creases beyond Eom- The maximum yield of ap- 
proximately 24 for MgO single crystals is the 
highest yield found so far for any material, at least 
in the absence of field effects. 

For metals and semiconductors the maximum 
yield is of the order of unity and occurs at primary 
energies of several hundred electron volts, as may 



Fig. 1. Schematic circuit for measuring the secondary 
yield; ip and i, represent the primary and secondary 
currents. 



Fig. 2. The secondary yield 8 as a function of pri* 
mary energy Eq for a single crystal of MgO. The lower 
curve represents the yield before any heoting, and the 
upper curve that after heating the crystal to 800*^C for 
several hours and cooling to room temperature. (After 
N. R. Wheffen and A. B. Laponsky, J. Appf. Phys; 
28:515, 7957) 


Table 1. Valuea of maximum aecondary yield 8m 
and correaponding primary energy 
for aome metala and aemiconductora 


Metal 


£«mev 

Semicon- 

ductor 

Bm 

Bom. ev 

U 

0.5 

85 

B 

1.2 

1.50 

A1 

0.95 

300 

Si 

1.1 

250 

Ni 

1.35 

550 

He 

1.15 

400 

Cu 

J.3 

600 

Sb 

1.3 

500 

Pt 

1.8 

700 

Ri 

1 15 

550 


be seen from Table 1. Reported values of 8 m for 
insulators lie in the neighborhood of 5, but it is not 
impossible that atomically clean surfaces of some 
of these materials may exhibit yields approaching 
the value of 24 found for MgO; in order to obtain 
reliable yield measurements characteristic of clean 
surfaces, extremely good vacuum techniques are 
required. 

Mechanism of the process. The shape of the 
(‘urve of Fig. 2 can be understood by considering 
the secondary emission process as a two-step mech- 
anism. One step involves the production of internal 
secondaries, that is, the transfer of energy from the 
primary beam to the electrons in the solid. In this 
process, some of the electrons in the solid are raised 
to energy levels which lie above the energy <»f an 
electron to rest in vacuum. The diffusion toward and 
the escape from the surface of such relatively high- 
energv internal secondaries constitute the sec<ind 
fttep in the mechanism. 

Both the production and the escape mechanism 
are extremely complex. An elementary interpreta- 
tion may be given as follows. Suppose the average 
number of secondary electrons produced per pri- 
mary by the primary beam in a slab between x and 
X dr below the surface of the solid is equal 
n{x) dx. As the secondaries diffuse toward the sur- 
face they gradually lose energy, and one may as- 
sume for simplicity that the probability of escape 
of a secondary produced at a depth x is prop<ir- 
tional to exp (— t/jco): is a measure for the 

average depth from which a secondary can escape. 
The yield may then be written as 

8 * B dx 

where B is a constant and R represents the penetra- 
tion depth of the primaries. It is reasonable to as- 
sume that n{x) is proportional to the energy loss 
per unit depth per primary. According to energy 
dissipation measurements by J. R. Young in 1956, 
the latter quantity is essentially constant over the 
primary range B. Hence, if one writes n{x) * 
Eo /Rf, where Eo is the primary energy and f the 
average energy required to produce an internal 
secondary, one may write 

(BEo/Rm) 

- (fl£o*o/i*«)(l - «“*'**) 

Since the primary range R increases with primary 
energy approximately as this formula in- 

deed predicts a maximum in the curve of 8 versus 
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Bo. A more detailed analysis shows that this formula 
describes satisfactorily the shape of the observed 
yield curves up to primary energies of about 4000 
electron volts. From such an analysis, one may 
calculate xo and r/B from experimental yield 
curves; illustrative values are given in Table 2. 


Table 2. Values of and f/B 



Platinum 

Germanium 

Magnesium 

oxide 

j;o. uiigHtronia 

16 

27 

180 

f/B, ev 

154 

137 

19.7 


The secondary escape depth is determined by 
the processes bv which secondaries can lose energy 
as they diffuse toward the surface. In metals, sec- 
ondaries lose their energy mainly to the free con- 
duction electrons; since this is an efficient process, 
the escape depth in metals is small and so is the 
yield. In insulators, the secondaries lose energy 
mainly to crystal latth'e vibrations; this results in 
a relatively large escape depth and a high yield. 
Since the amplitude of the lattice vibrations in- 
creases with temperature, the escape depth and 
hence the yield of an insulator decreases slightly 
with increasing temperature. For metals, the yield 
is independent of temperature. The secondary emis- 
sion properties of semiconductors are intermediate 
between those of metals and insulators. 

The aecondary yield for a given primary energy 
increases as the angle 0 between the primary beam 
and the normal to the surface increases; the sec- 
ondaries are then produced closer to the surface 
and consequently have a larger escape probability. 
At the same time, the energy for which the yield 
reaches its maximum value increases with increas- 
ing 9. 

Secondary energies. A typical energy distribu- 
tion of secondary electrons emitted by a silver tar- 
get bombarded with primaries of 155 electron volts 
energv is given in Fig. 3. Note that most of the 
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Fig. 3. The secondary current as a function of the 
energy of the secondory electrons emitted by silver 
upon bombordment with primories of 155 electron 
volts energy. (After E. ffudberg, /nefostic tcaff^ring of 
electrons from solids, Phys, Roy., 5M3B, 1936) 
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secondaries have relatively low energies. A small 
fraction of the emitted electrons have the same en- 
ergy as the incident primaries and are called re- 
flected primaries. 

Field-enhanced emission. When an insulating 
film deposited on a metal base is bombarded with 
primary electrons, the surface of the target will be- 
come positively charged if the yield is larger than 
unity. Thus, strong fields may be established across 
the insulating film, leading to field-enhanced sec- 
ondary emission. In 1936 L. Maher discovered that 
in such cases self-sustained secondary emission may 
result for long periods after the primary beam is 
cut off. See Field-enhanced emission. [a.j.de.] 

Bibliography: F. Seitz and D. Turnbull (eds.). 
Solid State Physics^ vol. 6, 1958; A. Van der Ziel, 
Solid State Physical Electronics^ 1957. 

Second-order transition 

A change of state through which the free energy 
of a substance and its first derivatives are continu- 
ous functions of temperature and pressure, but at 
which the second derivatives are discontinuous. 

For all physical and chemical processes carried 
out reversibly, the free energy changes continu- 
ously. At an ordinary phase transition, such as the 
l>oiling of a liquid, the entropy 5, the enthalpy H, 
and the volume V show sharp discontinuities when 
plotted as functions of the temperature T or pres- 
sure P. Because all of these functions are first 
derivatives of the free energy 

S - ^(dF/BT)p H » [B{F/T)/B(\/T)^P 
V - (BF/BP)t 

such phase changes are usually called first-order 
transitions. 

However, for many systems there are points at 
which the entropy, enthalpy, and volume are con- 
tinuous, but at which temperature or pressure de- 
rivatives, such as the heat capacity Cp =* {BH/- 
BT)p, the coefficient of thermal expansion a « 
(d In V/BT)p, and the isothermal compressibility 
K - (din V/BP)Tf show discontinuities. Because 
these correspond to second derivatives of the free 
energy, this phenomenon is called a second-order 
transition. 

The illustration shows the typical thermody- 
namic behavior at first- and second-order transi- 
tions. The dotted vertical line for the heat capacity 
at the first-order transition is a zero-width line of 
infinite height representing a finite nonzero area 
(a Dirac delta function): the heat of transi- 
tion, absorbed at a single temperature. The 
dashed lines show metastable phases continued 
beyond the transition temperature (for exam- 
ple, superheated liquid above the boiling point 
and supercooled vapor below). Both the low-tem- 
perature (a) and high-temperature (jS) phases 
show such extensions beyond a first-order transi- 
tion, whereas only the p phase shows such an ex- 
tension at a second-order transition. 

Qualitatively all theories of second-order transi- 
tions have the following features in common: a sys- 
tem is capable of existing in two forms, one fa) 


having a lower enthalpy H and a lower entropy S 
than the other (p). At sufficiently low temperature, 
the enthalpy difference will be the dominant factor 
and the system will be all a, whereas at sufficiently 
high temperatures, it will be largely or entirely p. 
If the conditions were such that the a and P forms 
could not coexist, there would be a first-order tran- 
sition at a temperature 

On the other hand, if the change from a to P 
can take place gradually (that is, if a mixed phase 
including both forms can exist) and if the energy 
required to convert an element of the system (a 
molecule or group of molecules) from a to P de- 
creases as the amount of P increases, a second-or- 
der transition will occur. This change-over from a 
to in a sense catalyzes itself, so one refers to 
phenomena of this kind as cooperative. The tem- 
perature at which the last trace of a disappears is 
the A-point or Curie point; it is of course meaning- 
less to extrapolate the a + P curve beyond this 
point. The heat capacity is very large at the A- 
point; it is difficult to be sure whether in some 
systems it may not actually become infinite ; in any 
case the area under the curve (AH) is finite. Im- 
portant examples of second-order transitions are 
given in the following paragraphs. 



r— ► 

(a) (b) 


Thermodynomic behavior at (a) first- and (b) second- 
order transitions. 




SMratory strudurtt, plant 1 27 


FanDmagnotltlll. In certain metals and alloys 
(iron and nickel) at low temperatures, the atomic 
magnets are arranged into ordered groups or do- 
mains which can orient in a magnetic field. As the 
temperature increases, the order within the do- 
mains decreases until at the Curie temperature, all 
long-range order is gone and only paramagnetic 
behavior remains. See Ferromagnetism. 

Order-disorder in crystais. In certain solid so- 
lutions (such as j8-brass, Cu-Zn), the different 
atoms are distributed regularly in an alternating 
arrangement. As the temperature increases, the two 
kinds of atoms exchange positions until all long- 
range order is lost at the Curie point, above which 
the arrangement is essentially random. A similar 
phenomenon occurs in the solid ammonium hal- 
ides; each NH 4 '*^ tetrahedron can have two differ- 
ent orientations. At low temperatures, all have the 
same orientation; above the Curie temperature, 
they are distributed randomly between the two. 

Liquid helium. Below 2.19°K, helium shows pe- 
culiar superfluid properties. At the lowest attain- 
able temperature, all the molecules are in a super- 
fluid state; as the temperature increases, more and 
more molecules are excited to nonsuperfluid levels 
until at the A-point (2.19°K), the superfluid prop- 
erties have disappeared and the helium is an ordi- 
nary liquid- See Free fn^rgy; SiipI'R fluidity; 
Thfrmodynamhs (chlmkal); see also Rquilib- 

RIllM, PHASE. |R.L.h.] 

Bibliography \ E. A Guggenheim, Thermody- 
namics. 3d cd., 1957; L, D. Landau and E. M. 
f^ifschitz. Statistical Physics, 1958; H. N. V 
Feinperley, Changes of State, 1956. 

Secretory structures, plant 

Cells or organizations of cells which produce a va- 
riety of secretions. The process of secretion is a 
separation of a substance from the protoplast of a 
cell. The secreted substance may remain deposited 
Within the sec retory cell itself or may be excreted, 
that is, released from the cell. Substances may be 
excreted to the surface of the plant or into inter- 
cellular cavities or canals. Some of the many sub- 
stances contained in the secretions are not further 
utilized by the plant (resins, rubber, tannins, vari- 
ous crystals), others take part in the functions of 
the plant (enzymes, hormones). Secretory struc- 
tures range from single cells scattered among other 
kinds of cells to complex structures involving many 
('ells and often called glands. 

Glandular hairs. Epidermal hairs of many 
plants are secretory or glandular. Such hairs com- 
monly have a head composed of one or more secre- 
tory cells borne on a stalk (Fig. la and 6). The 
shaggy hairs of winter buds of many trees produce 
sticky secretions that permeate and cover the buds 
with a protective film. The hair of a stinging nettle 
ts bulbous below and extends into a long fine proc- 
ess above (Fig. Ic). If one touches the hair, its tip 
breaks off, the sharp edge penetrates the skin, and 
the poisonous secretion is released. 

Nectarios. Glands secreting a sugary liquid — 
the nectar — in flowers pollinated by insects are 



Fig. 1. (a) Young leof of Petunia covered with glan- 
dular hoirt. (b) Higher magnification of these hairs. 
Each has a head borne on a stalk. Some extraneous 
matter clings to the viscid hairs, (c) Stinging hair of 
nettle photographed with polarized light. The brilliantly 
illuminated parts of the hair are hard and stiff. The 
globule at the bent tip is attached by a thin wall part 
which breaks easily and leaves the beveled end ex- 
posed The multicellular bulb below has soft walls. 



Fig. 2. (a) Longitudinal section of Ceanothus flower. 

Xha nectary is ringlike and surrounds the ovary, (b) En- 
larged view of a section of the nectary. The epidermis 
and the small cells beneath it are secretory. 


called nectaries (Fig. 2). Nectaries may occur on 
the floral stalk or on any floral organ: sepal, petal, 
stamen,^ or ovary. The nectary may be flat, 
pressed, or padlike. Its surface layer, one or more 
cells deep, consists of secretory cells which usu- 
ally have dense cirtoplasm. The vascular tissue, es- 
pecially the sugar-conducting phloem, occurs close 
to the secretory tissue. The nectar may contain 
as much as 60% sugar, 

Hydathodes. These structures discharge water 
— ^a phenomoion called guttation — ^through open- 
ings in margins or tips of leaves. The water flows 
through the xylem to its endings In the leaf, then 
through the intercellular spaces of the hydathode 
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Fig. 3. Resin duct from pine wood in (a) transverse 
and (b) longitudinoi sections. 

tissue toward the openings in the epidermis. 
Strictly speaking, such hydathodes are not glands 
because they are passive with regard to the flow of 
water. The pressure forcing the water to be dis- 
charged originates in the root. Some hydathodes, 
however, are like nectaries in having a layer of ac- 
tively secreting ceils. 

Digestive glands. Some carnivorous plants have 
glands producing secretions capable of digesting 
insects and small animals. These glands occur on 
leaf parts modified as in.sert-trapping structures. 
In the sundews (Drosera) the traps bear stalked 
glands, called tentacles. Each gland consists of 
four layers of cells, the innermost being in contact 
with the conducting tissue of the stalk. When an 
insect lights on the leaf, the tentacles bend down 
and cover the victim with a mucilaginous secretion 
the enzymes of which digest the insect. In the Ve- 
nus* flytrap (Dionaea) the insect is trapped by the 
sudden folding of the leaf. The upper surface of 
the leaf bears digestive glands and hairs acting as 
triggers for the folding mechanism. The traps in 
the pitcher plants are pitcher-shaped leaves that 
bear nectaries on the surface and inside the trap 
near its top; the digestive glands are deeper in- 
side. Both consist of a layer of secretory columnar 
cells, a layer of rounded cells, and a layer of su- 
berized cells. If an insect, attracted by the nectar, 
falls into the pitcher, it is prevented from escaping 
by rigid hairs pointing downward and is digested 


within the trap. There is no evidence that the di- 
gested insects are essential to plant growth. 

Resin ducts. Resin ducts are canals lined with 
secretory cells that release resins into the canal 
(Fig. 3). The canals arc intercellular spaces that 
originate by separation of cells. Resin ducts arc 
common in gymnospcrms and occur in various tis- 
sues of roots, stems, leaves, and reproductive struc- 
tures. They may arise during normal development 
or as a result of injury. 

Gum ducts, lliese ducts are similar to resin 
ducts and may contain resins, oils, and gums. Usu- 
ally the term gum duct is used with reference to 
the dicotyledons, although gum ducts also may oc- 
cur in the gymnosperms. 

Oil ducts. Oil duots are intercellular canals 
whose secretory cells produce oils or similar sub- 
stances. Such ducts may be seen, for example, in 
various parts of the plant of the carrot family 
(TJmbelliferae). In contrast to the oil ducts, the 
oil cavities of the kind found in the fruit rind and 
other plant parts of citrus result from a breakdown 
of oil-containing cells. 

Laticifers. Cells or systems of cells containing 
latex, a milky or clear, colored or colorless, liquid. 



Fig. 4. Laticiferi of Nerlum oleander, (a) Longitudinal 
section of shoot tip. The wovy solid lines represent ports 
of loticlferous cells, which are arranged very Irregu* 
larly. (b) An enlarged view of the area in the block 
rectangle in (a) showing the ports of loticlfers with 
cytoplosm ond nuclei. 


Utex occurs under pressure and exudes from the 
plant when the latter is cut. The single-cell laticifer 
m often much branched (Fig. 4) ; a few laticifer 
cells originating in the embryo may branch and in- 
vade all newly produced plant parts, forming the 
entire laticifer system of the mature plant. La- 
ti(*iferb derived from more than one cell result from 
breakdown of walls between adjacent cells; they 
are sometimes called laticiferous tubes. Both kinds 
of laticifers have multinucleate protoplasts. The 
latex is the product of this protoplast, but its rela- 
tion to the cytoplasm seems to be more complex 
than that between the vacuole and cytoplasm in 
ordinary cells. The latex of some plants has a high 
(ontent of rubber and is used as the source of nat- 
ural commercial rubber. Examples of rubber-yield- 
ing plants are the Brazilian (Hevea) and Indian 
{Ficus) rubber trees. See Cytology; Insec iivo- 
Rois plants; Plant metabolism; Plant tissue 

ST ST IMS. [K.!-.] 

Ribhography: See Plant anatomy. 

Sedation 

\ state of de< reased activity produced by various 
drugs. Sedation the quiet, relaxed state of rest 
n<»t necessarily accompanied by sleep. The induc- 
tion ol sedation depends largely on the physical en- 
Mionment, the condition and susceptibility of the 
individual, and the proper selection of a sedative 
which will accomplish its purpose. Any drug which 
will depress the activity of the central nervous sys- 
tem, paiticularly higher centers, may theoretically 
be used as a sedative. In practice, however, there 
die serious drawbacks to the use of many of these 
depressants, due to such factors as low margin of 
sdlelv, toxicity, undesirable side effects, and addic- 
tion or habituation. .See Central nervous system 
Barbiturates, bromides, and chloral hydrate. 
Of the older drugs which promote relaxation, the 
barbiturates, bromides, and chloral hydrate are the 
most commonly used. The barbiturates constitute a 
valuable group of medicinals, mainly because of 
their relatively wide margin of safety and the extent 
of their action. This varies over a wide range, from 
mild sedation to profound anesthesia, depending 
upon the compound, the dose, and the route of ad- 
ministration. Intermediate effects are principally 
related to induction of sleep, that is, they produce 
i hypnotic effect. In addition, some barbiturates 
have a selectively depressant effect on the motor 
portions of the nervous system so that they may be 
used as anticonvulsants in disease and toxic 
Mates. See Anesthetic. 

The sedative action of a barbiturate is thought 
tu be the result of the depression of diencephalic 
(^enters so that nerve impulses to the cortex, or 
higher levels of consciousness, are reduced. There 

also a direct effect on the cerebral cortex, be- 
cause both wakefulness and convulsions may be 
reduced. Increased tolerance and habituation may 
occur. See Brain. 

Bromides depress the activities of the motor and 
Tensory cortex by action of the bromide ion, and 
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produce a state of dullness, unconcern, and apathy. 
Although still much used by laymen, bromides are 
being replaced as sedatives because 1-2 days of 
treatment are necessary to produce results and 
chronic poisoning, or bromism, frequently follows 
prolonged therapy. 

Chloral hydrate depresses the cerebrum and, to 
a lesser extent, the spinal reflexes. Because it is 
inexpensive, chloral hydrate is used in many insti- 
tutions for sedation and hypnosis, particularly in 
the treatment of drug addicts and alcoholics. It is 
contraindicated in patients with liver and heart 
disease and may be irritating to the stomach. See 
Hypnosis 

Other sedatives sometimes used are paraldehyde, 
carbromal, and chlorobiitanol. They have actions 
similar to choral hydrate. 

Tranquilizer. An entirely new field of therapy 
has been opened by the advent of new synthetic 
sedatives and, more important, by the development 
of a new kind of dtug the tranquilizer, or ataraxic.. 

The disadvantages of habituation, toxicity, and 
frequency of overdoses in the emotionally labile 
patient gave impetus to the search for new prepa- 
rations. With increasing tensions, states of nerv- 
ousness, and neurosis, the older preparations have 
been augmented by a multitude of new compounds 
variousK described as tranquilizers, ataraxics 
(producing peace of mind), antidepressants, and 
antitension agents. .SVe Psychic fnlrgi/er; Tran- 
QUIlI/FR. 

Part of this new flood stemmed from the effects 
produced by new antihypertension drugs, such as 
raiiwolfia compounds, and from antienietics such 
as < hlorpromazine. These produced sedation and 
quietude when used for other purposes, especially 
in disturbed patients. Undesirable side effects have 
appeared, however, and their use cannot be indis- 
criminate. 

Frenquel next appeared, together with other 
members of the group of meprobamates, such as 
Equanil and Miltown, which produce muscle relax- 
ation. The number of such drugs in the United 
States runs to several hundred. Many are older, es- 
tablished preparations, some are newer forms and 
combinations of barbituiates, and the remainder 
ule newer drugs of the tranquilizer variety. 

There is a difference in effect between the tran- 
quilizer and the antidepressant in that the latter 
acts as a controlled stimulant in states of mental 
depression of all kinds. Tension and nervousness 
may be present in some forms of depression so that 
sedation is also helpful. 

There is also an increasing use of combined 
forms in one preparation. Sedatives, tranquilizers, 
and antidepressants are used together or with other 
drugs, especially those with antihypertensive, anti- 
emetic, and antispasmodic effects. r£.c.ST.l 

Sedimentary rocks 

One of the three major groups of rocks that make 
up the crust of the earth, the oth^ two being igne- 
ous and metamorphic. Most sedimentary rocks are 
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layered, and, as is implied by the name, have origi- 
nated by the sedimentation, or settling, of partirlea. 
Thus layering, or stratifiration, is the most impor- 
tant single rharacteristie of sediments and sedi- 
mentary rocks, even though there are some igne- 
ous and metamorphic rocks that show some kind of 
stratification or pseudostratification. ,See Igneous 
RO fKs: Mftamorphic rocks. 

The distinction between sedimentary and other 
rocks is understood best by considering their origin. 
Sediments are formed at or very near the surface 
of the earth as a result of processes operating at 
the surface, at normal earth surface temperatures 
and pressures. Most igneous and metamorphic 
rocks, on the other hand, are formed as a result of 
conditions deep in the crust of the earth, where 
temperatures and pressures mav be very high 
Some overlapping between the three rock families 
exists; for example, it is difficult to classify rocks 
that originate as volcanic ash falls (igneous) but 
are then transported and become interlavered with 
normal sediments. It mav also be difficult to dis- 
tinguish between a hard, compacted sedimentary 
rock and a weakly metamorphosed roc k. 

Though sedimentary rocks account for only 5^ 
l»f the earth’s outer crust (a shell 10 mi thick), 
the> make up TS*”? of the exposed rocks at the sur- 
face. From this relationship alone it becomes ap- 
parent that, in general aspect, sediments are dis- 
tiibuted as a rather thin layer at the surface The 
thickness of this thin layer mav varv greatlv from 
fildce to plac'e: the thickness of the total sedimen- 
tary \olume mav be onh a few tens of feet at the 
edges of some old igneous mountain masses such as 
the 0/ark or Adirondack Mountains, but mav be 
well oyer 30.0()0 ft in some places where the crust 
is subsiding rapidly, such as the delta of the Mis- 
sissippi River (sec nriTs; Gfosync iinf). Though 
sediments ate quantitatively relatively unimportant 
as crustal constituents, they have been the chief 
means of eluc idating the history of the earth and. 
with their c'ontained fossils, the development and 
evolution of life forms. Sedimentary rocks are also 
important as the source of many of our major min- 
eral resources, notably coal, oil and gas. iron ores, 
and limestone 

Origin. Sedimentary rocks originate primarily as 
the result of the fragmentation and destruction of 
preexisting rocks. As rocks are weathered by the 
action of water, wind, frost, and organic decay, 
large masses become mechanically broken into finer 
sizes and some of the constituents dissolve in rain 
or soil water. The solid fiagments, ions in solution, 
and colloids in suspension, are transported, prima- 
rily bv running water and secondarily by wind and 
ground water, from the site of weathering, the 
source area, to this, site of deposition. Transporta- 
tion of detritus may be temporarily interrupted by 
sedimentation in strean>« or lakes, resulting in river 
bars, alluvial fans, or lake deltas. Eventual!), how- 
ever, most of the material reaches the site of the 
lowest gravitational potential energy on the earth’s 
surface, the bottom of the sea. See Sedimentation 


(geology). After final deposition the soft, water- 
saturated muds, silts, and sands become buried un- 
der successive layers of later sediment, the water 
is squeezed out, the sediments become compacted, 
and chemical changes result in cementing the origi- 
nal unconsolidated material to a rock. See Diaglne- 
sis. 

Sedimentary petrologists commonly divide the 
sedimentary rocks into two large groups, the detri- 
tal and the chemical. This division is based on the 
differing origins of the two groups. The detrital 
(sometimes called clastic) rocks are formed by the 
sedimentation of mineral or rock fragments that 
were derived from the mechanical disintegration of 
pteexisting rocks in the source area and have been 
transported, as solids, to the site of deposition. The 
chemical rocks originate as chemical precipitates 
at the site of deposition; they may be inorganic 
precipitates formed from supersaturated solutions 
or they may be formed by the biochemical action of 
organisms, as are the calcium carbonate shells of 
mollusks. A great many sediments are mixtures of 
detrital and chemical components; many chemi- 
cally precipitated limestones contain some fine- 
sized grains of quartz and clay minerals, most of 
whirh probably originated as wind-blown or animal 
carried material. Predominantly detrital rocks, sui h 
as sandstones and shales, commonly contain some 
amount of chemical prec ipitate, calcium carbonate 
and silica being the two most abundant: the chem 
ical components mav have been introduced at the 
time of deposition or /during postdeposiiional 
changes (diagenesis). See pFrROLOCrY; Rock, 

The three nu>st abundant kinds of sedimentary 
rocks, shale, sandstone, and limestone, together ac- 
count for over Q.S'J of all sediments. Of these, lime- 
stone. the chemical rock, composes only about 20^ J 
of the total volume of sedimentary rocks in the 
crust. Estimates of the relative proportions of the 
two detrital rocks, shale and sandstone, vary, but it 
appears that shales are between two and three 
times as abundant as sandstones. 

Textural characteristics. Because the majority 
of sediments are dominantly mechanical mixtures 
of detrital mineral and rock fragments, floccules of 
colloidal materials such as clay, and chemically 
precipitated particles, it is Important to determine 
the geometrical properties of the individual parti- 
cles and their relationships to each other. Textural 
analysis has led to a fuller understanding of the 
genetic factors involved in the foimation of sedi- 
ment bv settling of particles through a fluid (wa- 
ter) or gaseous (air) medium, for the textures are 
directly related to the hydrodynamics of the me- 
dium. A number of different textural properties 
have been defined. 

Size. Perhaps the most important textural prop- 
erty is the size of individual particles and the size 
distribution of all the particles in the sediment. 
Size of particles is the basis for the division of the 
detrital rocks into lutite, or shale (fine) ; arenite, 
or sandstone (medium) ; and rudite, or conglomer- 
ate (coarse). Because it is manifestly impossible to 
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meavure the si/es of ail of the pai tides in a sedi- 
ment, aiifl one seeks to rhararleri/e a distribution of 
si/es, statistical analysis has been used extensKely 
in this work By statistical analysis the sedimentary 
pelrogiapher can diaracteii/e four properties of 
size distributions based on counts of frequency of 
grams in seveial si/e grades The fiist property is 
the idh ulation of some kind of average size, either 
anthmetifal oi geometrical mean, or a median (.SO 
pen entile) si/e The most common measure used 
b> geologists IS median size A second property of 
the si/e distribution is the spiead or dispersion of 
si/e Viilues about the mean or median size Standard 
deviation is one measure of this spread One of the 
more common measures is quartile deviation (eval- 
uating spread between the 7.S and 25 percentiles) 
or sorting index (Fig. 1). A ihiid property of size 
distributions is the skewness or asvmmetry of the 
distribution about the median value This measure 
indic ales whethei a sediment has much more mate- 
rial finer than the median size ns compared with the 
frac tion coarser than the median size, or vice versa 
4 fourth property of the si/e distiibution is kurtosis, 
which measures the numbei of grains that cluster in 
size around the median as compared with the num- 
ber of grains that are much finer or coarser than the 
median. The median size of a sediment has been 
used to estimate the competence of a current to 
tiansport sediment: the coarser the size, the 
stronger the current. Sorting has been u^ed to dis- 
tinguish between beach sands, river sands, bar 
sands, and others, but there is some uncertainty in 
the validity of this interpretation. Skewness and 
kurtosis have been little used in the interpretation 
of origin of a sediment. 

Shape and roundness. In addition to the size dis- 
tribution, textural analysis includes the study of 
the shape and roundness of the particles. Shape is 
defined as the degree of sphericity, or approach to 
a sphere. Roundness is defined as the degree of 
'tharpness of corners or edges of a particle. A par- 
ticle may have many sharp, small projections and 
have a low roundness value and yet be very close to 
a sphere in shape. On the other hand, a particle 
tnay be long and rodlike, very far in shape from a 
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sphere (low sphericity), and yet be very smooth 
and rounded (high roundness). Shape and round- 
ness are related to mechanical abrasion during 
transportation of the detritus prior to deposition; 
the greater the abrasion, the higher the roundness, 
and, in general, the higher the sphericity (Fig. 2). 

Surface configuration. Another element of texture 
is the surface configuration of the grains. Some 
sand grains show frosting and pitting, which has 
been interpreted as the result of being windblown 
and having gone through a great many collisions 
with other grains. Collisions under water are soft- 
ened by the fluid medium and do not result in this 
texture. 

Parking and fabric analysis. In the late 1940s 
and 1950s two new kinds of textural analysis were 
introdiK ed, packing analysis and grain-shape fabric 
analysis. Packing analysis relates to the way in 
which the particles are arranged in the rock to give 
more or less dense aggregates. The density of pack- 
ing is telated to the weight of overhing sediments 
and perhaps also to lateral compressive forces op- 
erating during mountain-building episodes. Grain- 
shape fabric analysis is the study of the degree of 
prefeired orientation of the long axis of elongate 
particles and the direction of the orientation. A 
roik with a high degree of pieferred orientation 
would show all of the long particles lined up in 
the same direction. This direction of preferred ori- 
entation is related to the average direction of < iir- 
lent flow of the medium from which the sediment 
settled. See Pfiropabhic analysis. 

Chemical composition. Chemn al c omposition of 
sedimentary (as well as other) rocks is expressed 
in teims of the oxides of the elements Determina- 
tions are made normally by wet chemical analysis 
and the assumption is made that the elements are 
present as oxides, the oxvgen not being determined 
diiectK. Although the chemiial composition of 
sediments vanes widely with lithology and grain 
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size, the average sedimentary rock contains about 
S6% silicon dioxide (Si02K 13% aluminum oxide 
(A1203), 6% calcium oxide (CaO), 5% ferrous 
oxide (FeO) and ferric oxide (Fe 203 )« 5% carbon 
dioxide (CO 2 ), and smaller amounts of magnesium 
oxide (MgO), potassium oxide (K 2 O), sodium ox- 
ide (Na20), and many trace elements. This average 
sediment may be thought of as a combination of 
sandstone (mainly SiO^), shale (mainly 
and limestone (mainly CaO and CO 2 ). The average 
sedimentary rook differs from the average igneous 
rock in having much more C 02 , much lower Na 20 , 
and much more ferric than ferrous iron. The CO 2 
is added primarily from the atmosphere, in the 
process of weathering. Sodium is lost, during 
weathering, as soluble salts, which accumulate in 
the oceans, and much ferrous iron is changed to 
ferric under the oxidizing conditions prevalent over 
most of the earth’s surface. See Weathering proc- 

bSSIb. 

Mfneralogical composition. The composition of 
sediments is best expressed in terms of the relative 
abundances of minerals present. This is so because 
it is not always possible to calculate mineralogy 
from gross chemical composition without knowing 
what minerals are present; however, the chemical 
composition can easilv be calculated once the min- 
eral assemblage is known. Also, because sediments 
are often a mechanical mixture of minerals of 
many different chemical origins, the interpretation 
of mineralogy proceeds in a much more diiect fash- 
ion than that of gross chemical composition. Al- 
though a great number of mineral species have been 
found in sedimentary rocks, usually in very small 
amounts, only some 20 minerals account for over 
99^ f of the bulk of the sedimentary rocks. These, 
in general, are the minerals that are fairly stable 
chemically in earth surface environments. The min- 
erals of sediments, just as the rocks themselves, 
are divided into two groups, the detrital and the 
chemiral. The detrital minerals are mechanically 
transported and deposited, and, normally, are con- 
sidered to have originated by the mechanical disin- 
tegration of the parent rock in a weathering source 
area of sediments. The chemical minerals are con- 
sidered to have formed by precipitation, either in- 
organic or biogenic by the action of organisms, at 
the site of deposition. 

Many minerals mav be either or both detrital and 
chemical in origin. Quartz, for example, is domi- 
nantly detrital and yet it is frequently found as a 
chemically precipitated mineral that formed in 
rocks after thev were deposited (see Authigi-nk 
minerals). Although calcite (calcium carbonate) 
is normally considered to be a chemical precipitate, 
it is recognized in many limestones as an essentially 
detrital mineral, having been transported some dis- 
tance from its original place of formation and de- 
posited mechanically in the same way as a quartz 
sand grain. The most abundant detrital minerals in 
sediments are quartz and clay minerals. Less abun- 
dant, but still quantitatively important in many sed- 
iments are feldspar, rock fragments, and coarse 


grained micas. A host of other detrital minerals are 
found in many sedimentary rocks, the sum of them 
rarely making up more than 1% of the rock. Most 
of these are grouped under the name ’’heavy min- 
erals,” because they have specific gravities greater 
than 2.85, the specific gravity of bromoform, the 
liquid commonly used to separate heavy from light 
minerals (quartz, feldspar) by a sink or float 
method. Some of the most common detrital heavy 
minerals are zircon, tourmaline, garnet, hornblende, 
epidote, rutile, staurolite, and magnetite. See Min- 
eralogy ; Petrography. 

The major chemically precipitated minerals are 
the carbonates — calcite, aragonite, dolomite, and 
siderite. Less important are chert, gyp«?um and an- 
hydrite, other saline residues, such as common rock 
salt (halite), and a number of phosphates, such as 
collophanc. A number of heavy minerals may be 
chemical in part; zircon and tourmaline often show 
chemically precipitated secondary additions to the 
original detrital grain and anatase seems always to 
be formed as a chemical precipitate subsequent to 
deposition. 

Significance of detrital minerals. The detrital 
minerals are significant as guides to the composi- 
tion of the parent rocks of the sediment and as in- 
dexes of the degree of weathering of those parent 
rocks. If a source area terrain is subiected to rapid 
mechanical erosion and little chemical action, must 
of the ma|or minerals and rock fragments will be 
transported as such to the depositional area. In 
such cases the sediment |^ay show a high percent- 
age of minerals that are unstable at the earth’s sur- 
face. Such mineral assemblages in the sediment may 
differ, depending on the kinds of rocks exposed 
to erosion in the source area. Also low-grade nieta- 
morphic may be distinguished from high grade 
metamorphic or igneous terrains. Heavy minerals 
are particularly useful for this purpose. If me 
chanical erosion is at a minimum and chemical 
weathering is intense in the source area, most un- 
stable minerals will tend to dissolve or alter, leav- 
ing behind a residue rich in quartz, the common 
constituent of most rocks that is stable in sedimen- 
tary environments. Thus a sediment that contains 
only quartz as a detrital mineral may be inter- 
preted as the product of intense chemical weather- 
ing in the source area. The ratio of quartz to feld- 
spar in true surface sediments is a rough index of 
source area weathering, as quartz is stable and feld- 
spar unstable. The higher the quart? feldspar ratio, 
the more intense the chemical weathering of the 
parent rocks. One cannot always interpret detrital 
mineralogy strictly in terms of the above ideas, 
however, for there may be changes in mineralogy 
after deposition. It appears that certain of the 
heavy minerals, in particular, olivine, augite, and 
other ferromagnesians. tend to dissolve if the rock 
has been buried a long time. 

Significance of chemical minerals. The chemical 
precipitates are of interpretive significance as re- 
flectors of the chemical environment of deposition. 
The chemical controls that determine if and what 



kinds of minerals are precipitated are the composi- 
tion of the water solutions at the depositional site, 
that is, sea water, brackish water, or fresh water; 
the oxidation-reduction potential (Eh) and the 
acidity-alkalimty (pH) of the solutions; and to a 
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lesser ntent pressure and tmnperature. In a dd ition 
to the inorganic chemical controls, there are the 
biological factors controlling mineral precipitates. 
Many invertebrates and plants, in particular mol- 
lusks and algae, are the prime agents for the pre- 



^'9 3 Structures in sedimentary recks, (e) Current 
''■pple marks in copper ridge dolomite, south of Blue- 
field, Vo.; (b) mud crocks in AAnshsippion limestone, 
northeast of Bluefleld, Vo.i (c) concretions In Pennsyh 
''onion shale, near Montgomery, W.Vo. (Virginia DWI- 
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in the Chemung sandstone at Chemung Nose, south of 
Elmira, N.Y. (Carl O Dunbar). 
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cipitation of carbonates. Indeed, some authorities 
believe that originally all sedimentary carbonates 
were biogenic, and that lack of fossil structures is 
chiefly due to postdepositional recrvstallizatiun or 
solution and reprecipitation. Carbonate minerals 
can be interpreted mainly as the result of biologi- 
cal a<*tivity and the pH of the solutions. Iron and 
sulfide minerals may reflect pH, oxidation-reduc- 
tion potentials, and biological activity. Chemically 
precipitated minerals that form postdepositionally 
in a rock are often called aiithigenic; some of the 
most common abundant authigenic minerals are 
quartz, calcite, and dolomite. See Authtglmc min- 

F R A1.S. 

Clay minerals. The clay minerals oi*cupy a posi- 
tion between the detrital and chemical. Basically 
the clays are detrital, and their fundamental crys- 
tallographic structures are normally preserved 
through mild weathering, transport, deposition, and 
diagenesis. But the clay minerals arc very suscep- 
tible to exchange of alkali and alkaline earth cat- 
ifins with their environment, and the clay that is 
finally produced in a sediment may be of a compo- 
sition and over-all structure quite diffeient from 
that originally supplied fiom the parent rocks in 
the s<iun e area. See Clay ; Ci Ay minf.rals. 

Sedimentary structures. These are the larger 
textural features of sediments such as bedding, rip- 
pleinarks, and comTetions that were formed during 
or shortly after deposition, as distinct from the 
still laiger elements of structure, folds and faults, 
that were produced much later than deposition (see 
SiRifTiRAi c.FOLOC\i. Sedimentary structures in- 
clude the me(hanical, made by the currents that 
transpoit sediment; the chemical, produced by in- 
homogeneous precipitation; and the organic, pro- 
duc*ed by oiganisms living in the environment. 

Mvi hanu al structures. These structures include 
bedding of various kinds, such as cross-bedding, 
inclined bedding, graded bedding, and ripplemarks, 
and slump structures caused by small landslides 
iiic»re Of less contemporaneous with sedimentation 
(Fig. 3). Fossil mudcracks, caused by temporary 
desiccation of a mud bottom, raindrop impressions, 
and frost c rvstal casts are included in this category. 
Results of work done in the late 1940s and 19!S0s 
on different kinds of sedimentary structures indi- 
cate that such structures are related to the environ- 
ment of deposition, and that manv of the struc- 
tures, cross-bedding in particular, are a clue to the 
direc'tion of sediment transport. Many different 
kinds of linear structures on bedding plane surfaces 
have been described, including rill maiks and 
swash marks, made by the retreat of waves on a 
beach: groove casts and load casts, made b> move- 
ment of a pebble or cobble on a muddy bottom; 
and more problematical structures of unknown ori- 
gin Most of these ha\e been ascribed to current 
origin and the lineation parallels the current. 

LhemUal structures, 'fhese structures form as 
^^•ffregations of originallv dispersed chemical sub- 
stances. They include oolites and pisolites, concre- 
tions, geodes, noduleh. and septaria, as well as sty- 


loliteb, a solution feature. They take many forms, 
from highly irregular, perhaps even branched 
forms, to regular spheres or ellipsoids, and range 
in size from dumbbell-like obiects 3 ft in diameter 
to tiny spherulites only a few millimeters in diam- 
eter. Some of the structures apparently form at the 
same time as the sediment, others may form very 
soon after sedimentation, or before compaction, and 
others form after compaction and consolidation of 
the sediment, perhaps quite late in its history. 

Nodules are concretionary structures, with a 
great diversity of irregular shapes, composed of ma- 
terial different from that of the rock in which they 
occur. Most frequently nodules are flattened or 
elongated in a direction parallel to the bedding. 
Sometimes thev tend to coalesce to 'form almost 
continuous layers. The most common nodules are 
of chert (silica) : others are of iron oxides, phos- 
phates, iron carbonates, and clay ironstones. They 
occur most typically in limestones but may also be 
found in shales and sandstones. 

Septaria are rather large nodules, normally 
greater than 3 4 in., that display a system of po- 
lygonal cracks al the center and which tend to die 
out toward the edges of the nodule (Fig. 4). In al- 
most all of these nodules the cracks are filled with 
a crystalline mineral, normally calcite. The septaria 
was originally a gel concretion that haidened or 
dehydrated on the outride first; shrinkage caused 
by dehydration of Ihe gel was responsible lot the 
cracking. Later mineral scdiitions filled the c lacks. 
See CoNtRiiioN; (fFO|A:.; Ooliii and pisouif, 
Styloliifs, 

Organic .structures. Preserved in sedimentary 
rocks are textural elements that are eithei the le- 
mains of organisms that lived during the time the 
sediment was being laid down or that have lesiilted 
from the activities of those organisms. OI greatest 
importance are the former, the fossils, which, in the 
main, are the preserved hard parts of the plants or 
animals. The evidences of organism activity are less 
frequent but consist of worm borings and tubes, 
faecal pellets of many different kinds, and larger 
struc-tures of excretory origin, the coprolites. Fos- 
sils may consist of calcareous or phosphatic shells. 



Fig. 4. Septarian structure. Length of specimen about 
5 In. (From F. J. Petfijohn, Sedimentary Rocks, Harper, 
2d ed., 1957) 


of siliceous shells, of chitinous materials, or of car- 
bonaceous films or impressions. Typically the most 
abundant fossils are found in limestones and dolo- 
mites. Thev mav, in fact, constitute the bulk of the 
rock as in the variety of limestone called coquina. 
AH traces of original shell materials may be gone 
but the shape and even fine details of the fossil may 
be preserved in a mold of the fossil in the surround- 
ing rock. Algal structures, produced bv the action 
of various kinds of lime-secreting algae are often 
found in limestones. Some of these structures, lami- 
nated in a variety of ways, are called stromatolites. 
See A LOAF fossils; Fossil; Strom atoliti-. 

Classification and nomenclaturo. Sedimentary 
rocks have been classified on two bases, the puiely 
descriptive, and the genetic. Thus, in one group 
might be found all rocks that are colored red or 
all rocks that contain a certain proportion of any 
mineral, or, on the other hand, all rocks that were 
formed as river floodplain dep<isits. The disadvan- 
tage of the purely descriptive approach is that rocks 
of widel\ divergent origin might he lumped to- 
gether. The disadvantage of the genetic approac h is 
ihdt the origin of the rock must be known before 
It can be classified; this is often one of the most 
difficult problems of sedimentary geology. The moie 
fruitful approach has been to combine the two into 
a classification based on objective descriptive char- 
a<teristics that have some genetic significance. Us- 
ing this as a basis, geologists subdivide the sedi- 
iiientarv rocks into two broad groups, the clastic 
or detrital, Jind the nonclastic or chemically pie- 
< ijiitated rocks. The clastic rocks are characteri/ed 
by individual grains, often of heterogeneous compo- 
sition, derived from the erosion of preexisting 
rocks ; the grains may be more or less rounded by 
abrasion during transport fiom the erosional area 
to the site of deposition. The chemical precipitates 
are normally fairly homogeneous in composition 
and are characterized by an interlocking crystal- 
line texture, where the crystal sizes may vary 
greatly. The chemical precipitates form at the site 
of deposition and are not derived directly from pre- 
existing rocks. 

Clastic rocks. Rocks of detrital origin are fur- 
ther subdivided on the basis of particle size into 
three classes, the rudites (conglomerates), the 
arenites (sandstones), and theliitites (shales). Silt- 
stones are intermediate in grain size between are- 
nites and Iiitites and may be considered as very 
fine-grained arenites or grouped with the lutites. 
Rudites are composed of particles larger than 2 
mm in diameter; arenites, 2-Mn mm; siltstones, 
mm; and lutites finer than mm 
(Fig. 5). In practice, since all of the particles of 
any rock are rarely in the same size group, the 
dominant particle size is selected, usually the me- 
dian size. 

Chemical rocks. The nonclastics are subdivided 
by chemical composition into the carbonates, the 
siliceous rocks, the evaporites, the phosphorites, 
ferruginous and manganiferous rocks, carbonaceous 
rocks, and miscellaneous rare chemically precipi- 
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Fig. 5. Range of particle size in clastic sediments, and 
methods of mechanical analysis applicable to various 
size ranges. Scale A, logarithmic diameter in millime- 
ters; scale B, diameter in millimeters. (From W. C. 
Krumbem and L. L Sloss, Strafigraphy and Sedimenta- 
tion, Freeman, 1951) 


tated rocks. The carbonate rocks, the limestones 
and dolomites, are much the most important in 
terms of total quantity in the crust and areal ex- 
tent. Some of the chemically precipitated rockv 
are formed direc tly by the agency of organisms, the 
most prominent being the biogenic limestones. Oth- 
ers are formed bv inorganic precipitation, such as 
the iron formations. See Ari naceoijs roc^ks; ArCpIL- 
LACFOUS rocks; ChERT; CONGLOMERATl! ; LiML- 
STONE ; Sandstone; Shale. 

Bibliography : C. 0. Dunbar and .1. Rodgers. 
Principles of Stratigraphy. 1957; W. C. Krumbein 
and L. I . Sloss, Stratigraphy and Sedimentation. 
1951; F. J. Pettijohn, Sedimentary Rocks. 2d ed., 
1957; H. Williams, F. J. Turner, and C. M. Gilbert, 
Petrography. 1954. 

Sedimentation (geology) 

The processes that operate at or near the earth’s 
surface to deposit rock-forming material, or sedi- 
ment. Sedimentation includes the weathering proc- 
esses that act mechanically and chemically to break 
up preexisting rocks, the processes of transporta- 
tion by which the material is carried from its source 
^ JD the depositional site, the processes of deposition 
in the sedimentary environment, and the postdeposi- 
tional processes or diagenesis by which the sedi- 
ment is compacted and hardened to rock. 

Source of material. The raw materials of sedi- 
mentation are the products of weathering of igne- 
ous, metamorphic, and sedimentary rocks. Weather- 
ing may be primarily chemical, mechanical, or both. 
In chemical weathering minerals are dissolved or 
altered by solution and the more soluble salts are 
carried away by running water, leaving behind a 
residue of insolubles. In mechanical weathering the 
rock is physically disintegrated by the action of wa- 
ter, wind, freezing and thawing, and temperature 
extremes. As the whole spectrum of rock types may 
be involved in weathering, the detritus supplied 
from the source may be extremely heterogeneous in 
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mineralogical and chemical composition. See 
Weathering processes. 

Transportation and deposition. Material sup- 
plied by weathering in the source area is carried by 
water, wind, and mass movements, such as land- 
slides, to the site of deposition. Transportation and 
deposition may be intermittent and may alternate 
with each other until the detritus reaches its final 
resting place. A sand grain may be carried for a 
short distance and dropped temporarily many times 
in the course of traveling down a river to the sea. 
In the course of transportation the composition and 
texture of the sediment may be slightly or drasti- 
cally altered by the transporting medium. More sol- 
uble minerals may dissolve, softer minerals may 
wear out by abrasion, and material may become 
sorted by size. 

Transportation by wind. Turbulent motion of 
air close to the ground is responsible for lifting 
small particles and transporting them. Dust is car- 
ried in suspension but sand may be carried both in 
suspension and along the surface. Movement of 
sand grains may take place by saltation, a process 
of moving in discrete jumps, or by surface creep, 
in which the grains are rolled or pushed forward by 
the force of the wind and impact of landing grains. 
In saltation the grains are thrown into the air by 
collisions of rolling grains. Once thrown into the 
air the grain follows a parabolic course and comes 
back to the ground a short distance away. As it 
hits it mav bounce back into the air or it may 
knock amither grain upward (Fig. 1). Wind trans- 
portation operates over all land areas but is most 
effective in arid regions. Although dust may be car- 
ried to great heights by the wind, sand grains u.su- 
allv remain only a lew feet above the surface. Wind 
normally transports only fine-grained sand, and the 
sand is well sorted. When the velocity of the wind 
decreases to the point where it can no longer carry 
particles, material is dropped, and a windblown 
sediment is formed. The most common windblown 
deposits are sand dunes, which have a variety of 
shapes and sizes. They are common in desert areas 
and along coa«*tlines and some river valleys, where 
there is a ready source of sand. Loess is a wind- 
blown dust and fine silt deposit. See Dune, Loess. 

Transportation and deposition by ice. Sedimen- 
tary particles may be trapped in glaciers and ice- 
bergs and transported long distances before the ice 
melts and the parti(‘les are deposited. The material 
is not sorted in size, and deposits from glaciers 
are commonly unstratified. Deposits from melting 
icebergs may be mixed with marine sediment; the 
resulting glaciomarine sediment may be stratified 
and slightly sorted by size but contains large boul- 
ders and cobbles, called erratics. The most common 
deposit of glaciers is till, a very heterogeneous mix- 
ture of finely ground-up rock flour, clay, sand, and 
pebbles and boulders. Glaciers pick up avalanche 
material and rock material by engulfing particles 
pried loose by frost action and by plucking or 
quarrying large blocks from the bottom over which 


wind 



Fig. 1. Detail of saltation and bed load for wind. 
The range of grain sizes shown is from 0.2-2 mm. With 
increase of wind velocity the smaller particles of the 
rolling load become part of the saltation load. (From 
R. M, Garrels, A Textbook of Geology, Harper, 1951) 

the glacier rides. Glacial erosion and transportation 
do not in general round sharp corners and edges of 
particles, and thus till particles tend to be sharp 
and angular. See Glacier; Till. 

Transportation and deposition by water. Mov- 
ing waters account for most of the transportation 
of rock materials on the earth’s surface. Streams 
and rivers carry tremendous tonnage.s of materials 
daily from the ero.sion areas to the sea. The cur- 
rents in the sea shift material from place to place 
on the sea floor. Clastic sediments commonly re- 
tain characteristics produced by the transporting 
currents. 1'hus the sorting by size in response to 
the current velocity and density of the water and 
the rounding of particles by abrasion are both 
properties of clastic segments produced during 
transportation. 

Movement of water. Water may move either by 
laminar or turbulent flow. When the water moves 
in straight lines parallel to the confining channel 
surfaces, without mixing of adjacent layers of wa- 
ter, the flow is characterized as laminar. When the 
water moves in irregular lines in eddies and swirls, 
and different layers mix, the flow is turbulent. Wa- 
ter in streams is dominantly turbulent, and it is 
this kind of flow that is responsible for erosion, 
abrasion, and transportation of all but the finest 
particles. ,SVe Laminar flow; Turbulent flow. 

Methods of transportation. Transportation by 
running water is accomplished in three ways. Ions 
and compounds are carried in solution and end up 
in lakes or the sea, where they may accumulate or 
take part in reactions that precipitate solids. Insol- 
uble particles move either by suspension in the wa- 
ter or by being moved along the bottom. These are 
called, respectively, suspended load and traction 
load. The suspended load includes colloidal sizes, 
which need very low velocities to keep them in sus- 
pension, and larger particles, which may be sus- 
pended only temporarily by the action of high-ve- 
locity turbulent currents. The traction or bottom 
load moves by rolling and sliding of grains. Salta- 
tion is an important process in stream transporta- 
tion, just as in wind movement (Fig. 2) . 

Causes of deposition. As soon as water is unable 
to continue transport of material, deposition starts. 



surface of stream 



Fig 2. Schematic diagram showing types of load 
earned by a stream (From R, M. Garrets, A Textbook 
of Geology, Harper, 1951) 


\Ko, ion«^ tdiried in solution may participate in 
(hemiral reactions that produce precipitates that 
settle to the bottom. See Fl UMAI IROSION l ANli- 
lORMS: SiRFAM IRANSPORPAND DEPOSIflON. 

Flocculation and deflocculation. Colloidally 
sus|iended materials, dominantly clay minerals, are 
of small si/e and therefore need only low velocities 
and slight turbulence to keep them in suspenbion. 
Onh when water movement practically ceases can 
these materials settle b> the action of gra\itv alone 
Rut the colloids are susceptible to flocculation, a 
imuess of coagulation or aggregation of the indi- 
vidual particles into larger si/ed clumps, or floc- 
( iiles The flocciiles, being larger and heavier, will 
settle to the bottom bv gravity even though some 
current continues. Flocculation may occur when a 
fresh water suspension mixes with a salt solution, 
as when a river enters the sea. Deflocculation, or 
pentization, is the process of dispersing and break- 
ing up the floccules into smaller colloidal-sized par- 
tii les. See Colloid; Flocculation. 

Settling velocities. When a current is no longer 
able to keep a particle in suspension, the particle 
settles to the bottom with a velocity proportional 
to its size, shape, density, and the viscosity of the 
Mtspended medium fin this case, water), Stokes* 
law States this dependence quantitatively for spher- 
K'al particles at constant temperature as v * Ar*, 
where v is velocity, r is the radius of the sphere, 
and A; is a constant. The constant A » % 
^Pt ~ p 2 )g/yf^ where pi and p 2 arc the densities of 
the particle and fluid respectively, g is the accelera- 
tion due to gravity* and i; is the viscosity of the 
fluid. This law holds for particles smaller than 0.08 
mm in diameter, and appreciable deviations from 
the law are found with particles over 0.2 mm in 
diameter. For the larger particles, viscosity forces 
become unimportant and a different law, the impact 
law, becomes applicable. The impact law can be 
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stated as V » A 2 Vr, where the constant depends on 
the same factors as in Stokes' law. The operation 
of the laws of settling velocities accounts for the 
size sorting that is the result of transportation and 
deposition by running water. Sorting by shape is 
also important because spherical grains will offer 
less frictional resistance to settling and will fall 
to the bottom faster than irregular ones. The fluid 
through which the grains settle will have its effect 
on settling velocities. As the viscosity and density 
of the fluid medium increases, settling velocities de- 
crease and the sorting action of the current de- 
creases. Turbidity or density currents, in which 
suspended fine material significantly increases the 
density and viscosity, are poor in ability to sort 
material by size, they deposit a mixture of a wide 
range of sizes. Glaciers may be considered as a 
high-viscosity transporting medium that deposits 
extremely poorly sorted material. See Turbidity 
f IIRRFNT. 

Transportation and deposition in the sea.^ 

Tianspoitation of suspended and dissolved mate- 
rial in the sea is accomplished by currents caused 
b^ wind, tides, and densil> differences. Terrigenous 
sediments, derived directly from mattei eroded 
from land surfaces and transported to the sea by 
livers, are first deposited either in deltas or mav 
be moved along the shore by littoial currents, cur- 
rents that operate near the shoreline at shallow 
depths. Other slower moving currents may redis- 
tfibute materia] on the continental shelves, the shal- 
low aprons surrounding the continents. Turbidity 
currents distribute some terrigenous sediment to 
abyssal depths. Pelagic sediments are derived from 
extremeh fine windblown mineral particles and or- 
ganisms that dwell in the sunlit zone of the seas 
down to about 600 ft; these sediments are spread 
in thin layers over all of the ocean bottoms. A most 
important factor in marine sedimentation is the role 
of organisms that secrete calcium carbonate, silica, 
or phosphatic shells (tests). These biogenic pre- 
cipitates may settle to the bottom or may be caught 
up in currents and transported, eventually to be de- 
posited in some other spot. See Dflta; Marine 
sedimfntr; see also Estuarine oclanography. 

Environments of deposition. The sedimentary 
environment is usually defined in terms of a com- 
plex of physical and chemical conditions associ- 
ated with a particular geomorphologic unit. For ex- 
ample, a lacustrine environment includes all of the 
physical and chemical forces at work in a lake, be 
it the beach or the deep water center of the lake. 
Some epvironmcnts, such as the swamps, may be 
fairly homogeneous; others, such as the littoral 
(nearshore) marine, may be very variable and het- 
erogeneous. Other concepts of environment are 
used, such an tectonic, chemical, or hydrodynamic; 
here each controlling factor is segregated and the 
total environment is a combination of all of the in- 
dividual components. Whereas source materials pri- 
marily influence detrital mineralogy of a sediment, 
the environments of deposition primarily control 
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the textures o{ clastic sediments and the composi- 
tion of chemical sediments. 

An extensive classification of environments by 
W. H. Twenhofel is shoivn in the accompanying 
list. 

Continental environments 
Terrestrial 
Desert 
Glacial 
Aqueous 
Fluvial 
Piedmont 
Valley flat 
Paludal 

Lake swamps 
River swamps 
Flat-land swamps 
Paralic swamps 
Lacustrine 
Fresh 
Salt 

Spelean-cavc 

Mixed continental and marine 
Littoral 
Delta 

Marginal lagoon 
Estuarv 

Marine environments 
Neritic 
Rathval 
Abyssal 

Sediments of physical deposition. The clastic, 
or detriral, sediments are those that have been de 
posited bv mechanical action, by <’urrents of one 
kind or another. It is most convenient to subdivide 


them on the basis of particle size, for the size and 
sorting are dependent on a genetic factor, the cur- 
rent type and strength (Fig. 3). The current regime 
is reflected in the sediment not only by size and 
sorting but by its bedding characteristics and sedi- 
mentary structures, such as cross-bedding, ripple- 
marks, and current lineation. 

Coarse-grained elastics. Large particles, such as 
pebbles, cobbles, and boulders, can be carried only 
by high velocity or high density currents. The 
coarse elastics — gravels, and their indurated equiv- 
alents. conglomerates —are those whose particle 
size is greater than 2 mm in diameter. Rivers trans- 
port such coarse materials in times of flood; on 
land they mav also be transported by landslides and 
mudflows. Submarine currents are in general unable 
to carry such materials, but they may be found in 
some sediments deposited by turbidity currents, and 
to a minor extent, by being rafted by ice or caught 
in the roots of marine plants, they may be car- 
ried far out to sea. Claciomarinc sediments com- 
monly carry coarse detritus. See CoNCi omeratl; 
Gravel. 

M edium- grained elastics. Sands and their con 
solidated equivalents, sandstones, are the medium- 
grained elastics, and range in size from Vin to 2 
mm in diameter. Most streams and rivers, as well as 
near-shore littoral ocean currents, have velocities 
competent to cany this size particle Windblown 
sands are common but tend to be fine-grained and 
very fine-grained sand. mm and Vi« mm 

in diameter respectively, Sands accumulate as river 
bars, dunes, alluvial fans, beach deposits, barrier 
islands, and offshore marine bars, and are a major 
component of deltas. Sec Sand; Sands i on i . 
SilORF PROrESbES. 



Fig. 3. Interrelation of groin size and environment for 
some major types of clastic sedimentary rocks. (From 
ft. M. Garreh, A Textbook of Geology, Harper, 1951) 























Fine-grained elastics. The fine-grained clastirs 
are the silts and muds and their indurated equiva- 
lents, shales, siltstones, and mudstones. The parti- 
cle size of silt is mm in diameter. Clay 

^ize particles are finer than %r»0 mm. The fine- 
grained elastics are by far the most abundant 
sediment type and are found either alone or mixed 
with other sediment types in almost every environ- 
ment of deposition. Because of their fine size, down 
to colloidal dimensions, they may be carried in 
suspension by very slowly moving currents and so 
may be distributed far and wide over the ocean 
bottoms. The clay minerals, hydrous alumino- 
silicates, all tend to have colloidal-sized particles 
and make up, on the average, about' one-third of 
the fine clastic sediments. See Arcillac^OUs 
rocks; Clay minkrals; Shall. 

Sediments of chemical deposition. The chemi- 
cal sediments are formed by reactions between the 
dissolved components in the water of the environ- 
ment to form precipitates. The precipitation may 
be inorganic or it may take place by the action of 
organisms, such as molliisks, which secrete calcium 
(drbonate shells (Fig. 4 ). By far the most impor- 
tant chemical sediments quantitatively aie the car- 
hoiidtes. dominantly cal< aim carbonate. 

Carbonate sediments. A great many invertebrates 
are able to extrai't calcium carbonate from sea wa- 
t»*r tor their shells. After death the shells accumu- 
late to foim sediment. In some areas very fine- 
grained calcium carbonate muds accumulate on the 
liottom; the mud, when lithified, becomes a dense, 
hneh crystalline limestone. There is some dispute 
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over the origin of the mud, some workers claim- 
ing it to be an inorganic precipitate and others 
finding evidence for biogenic origin in the ground 
up fragments of small shells and the presence of 
needles of aragonite, one of the crystalline forms 
of calcium carbonate, that are secreted by blue- 
green algae. A variety of calcium carbonate depos- 
its is associated with coral or algal reefs. Globig- 
erina and pteropod oozes are deep-sea carbonate 
deposits formed from the shells of the animals for 
whom the deposits are named. These pelagic or- 
ganisms live in surface layers of the «<ea and, at 
death, sink to the bottom, where they accumulate. 
Chalk is a lithified deposit of this type. Carbonate 
sediments may contain an admixture of clay, in 
which case they are called marl. Dolomite is a car- 
bonate sediment composed largely of CaMg(COi)2t 
the mineral dolomite. See Chalk; Dolomitl; 
Limestonl; Marl. 

Silit ecus sediments. The sediments composed 
largelv or completely of chemically precipitated sij- 
ica are formed mainly in environmenfs in which the 
supply of clastic material is small or nonexistent. 
Siliceous sediment v being formed today are prac- 
tically limited to accumulations of tests, or shells, 
of silica-secreting pelagic organisms, such as the 
diatoms and radiolaria. Their lithified equivalents 
are radiolarites, ladiolarian earths, diatomites. and 
diatoinaceous earths. Inorganic precipitation of sil- 
ica around hot springs forms the siliceous sinters. 
Chert is a siliceous sediment that occurs chiefly as 
nodules in carbonate rocks, probably of postdeposi- 
tional origin by replacement of calcium carbonate. 



4. Interrelation of compotitlon and environment sedimentary rocks. (From R. M. Garrols, A Textbook of 

for some major types of chemical and organochemicol Geology, Harper, 1951) 
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Some chert is bedded and may represent primary 
precipitation from sea water, either inorganically 
or by a biochemical mechanism, such as the forma- 
tion of diatom ooaes. Sediments that contain large 
amounts of volcanic ash commonly are siliceous, the 
silica being contributed from the alteration of vol- 
canic glass. See Chert; Diatom aceous earth; 
Radiolarian earth; Siuceous sinter; Volcanic 

GLASS. 

Ferruginous sediments. The iron-rich sediments 
are often formed, as the siliceous sediments are, 
in the absence of large amounts of clastic material. 
Many ferruginous sediments are formed in reduc- 
ing environments where ferrous compounds pre- 
dominate. Pure iron mineral sediments are rare in 
the geologic record, most being limited to the Pre- 
cambrian. Mixtures of ferruginous minerals and 
clastic components give ferruginous shales and 
sandstones. Ferruginous limestone may be formed 
by the replacement of calcium carbonate by sider- 
ite, the iron carbonate. Replacement of limestone 
by hematite formed the Clinton iron ores, which 
contain oolites and fossils of hematite. Bog iron 
ores are formed in fresh water lakes; they are yel- 
low and brown concretionary or irregular masses 
containing sand and clay. 

Phosphatir sediments. Shales and limestones may 
contain a mixture of different calcium phosphate 
minerals, some of them precipitated from sea wa- 
ter and others formed in the sediment after deposi- 
tion by replacement. Phosphate nodules are com- 
mon in some limestones. Bedded phosphates occur 
interbedded with other marine s^iments. Guano, 
a deposit of bird excreta, is found on some desert 
islands. Other phosphate accumulations are resi- 
dues from the solution of a phosphatic limestone. 
See Apatite. 

Manganese sediments. Manganese carbonate con- 
cretions and thin layers occur in some marine sedi- 
ments, many times in association with ferruginous 
sediments. Manganese oxide is precipitated in the 
sea as finely divided pigment in some deep-sea 
sediments, coatings, and nodules and concretions. 

Sedimentary sulfur. Native sulfur is found as 
small particles, lenses, and irregular bodies in 
some sediments, commonly the argillaceous ones. It 
is precipitated by the partial reduction of sulfate 
or partial oxidation of sulfides in solution. Sulfides 
are precipitated in reducing environments, such as 
at the bottom of the Black Sea. The sulfate-reduc- 
ing bacteria play an important role in this precipi- 
tation. See Black sea. 

CarbonacMus sedimants. The carbonaceous 
sediments are formed by the accumulation of vege- 
table and animal organic debris, either pure or 
mixed with some clastic material. The most im- 
portant deposits are peats and coals. The preserva- 
tion of the organic material depends on rapid bur- 
ial or lack of oxygen in the environment. The origi- 
nal remains are partially decomposed and altered 
in part by bacterial action. If mixed with clastic 
material, the deposit becomes a carbonaceous shale 
or sandstone. 


Decomposition. Vegetation is transformed into 
peat and then coal by a combination of bacterial 
and chemical decay and alteration. The end result 
of this process, called incoalation, is the reduction 
of proportion of oxygen and hydrogen and the en- 
richment of carbon. See Dopplerite. 

Environments of carbonaceous deposition. Peat 
deposits are formed in fresh-water swamps, bogs, 
or moors, where vegetation is lush and growth is 
rapid, and where there is little bacterial activity 
decomposing the organic matter. Other deposits 
rich in organic matter are formed at the bottoms of 
lakes, lagoons, and some inland seas, where the 
combination of organic productivity and reducing 
environments is such as to prevent otddation and 
decomposition of the organic matter. Bottom de- 
posits of the Black Sea, whose bottom waters are 
reducing, are notably rich in organic material. 

Classification of carbonaceous sediments. The 
carbonaceous sediments may be divided into the hu- 
mic (coaly) and sapropelic (bituminous), with all 
gradations between. The humic deposits are low in 
hydrogen and high in oxygen, whereas the sapro- 
pelic are high in hydrogen and low in oxygen. The 
best known representative of the humic class is 
coal; true cannels exemplify the sapropelic class. 

Peat deposits. Peat deposits are composed of two 
different types of altered plant materials, anthrax- 
ylous and attrital. The anthraxylous is composed 
largely of anthraxylon, the visible ligneous parts of 
plants, such as wood, leaves, stems, and bark, im- 
pregnated with colloidal Ubmic decomposition prod- 
ucts. The attrital is composed mainly of attritus, 
the finely divided decay-resistant plant materials, 
particularly the waxy, resinous, and fatty materials. 
Peats of one type are gradational with the other 
and both may grade into sapropelic deposits, such 
as cannel. See Black shale; Coal; Sapropll 
Diagtnetic processes and lithification. After 
deposition the unconsolidated water-saturated sedi- 
ment undergoes compaction, squeezing out of wa- 
ter, alteration of minerals and precipitation of new 
ones, and solution; the end result of the combina- 
tion of these processes is a lithified sediment, a sed- 
imentary rock. Collectively the processes are known 
as diagenesis. Extensive changes and modifications 
of mineralogy and texture of the original sediment 
may take place. See Authigenic minerals; Dia- 
genesis. 

Provenance and dispersal. The provenance of 
sediments includes the evaluation of the composi- 
tion and location of the source rocks whose erosion 
produces the raw material of sedimentation. Dis- 
persal is the process by which the sedimentary ma- 
terials are carried by various transporting agents 
from source area to depositional area and distrib- 
uted in the environments of sedimentation. The 
kind of source rock is of primary importance in de- 
termining the nature of the clastic material, but 
major modifications result from the effects of cli- 
mate and topography. Only if mechanical erosion 
dominates will the source composition be unaltered. 
If, owing to climate or topography, chemical ero- 
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sion is significant, the source materials may be 
drastically altered before they become transported 
to the sedimentation area. Changes in texture (size 
distribution, roundness, sphericity) and mineral 
composition may result from dispersal conditions. 

Nature of the source area. If chemical weather- 
ing of source rocks is at a minimum, then recon- 
struction of source rock types from the sediment is 
relatively simple, subject mainly to modifications 
by dispersal. The major problems arise in recon- 
struction of source areas in which there has been 
chemical weathering. One way of assessing the 
amount of chemical weathering is by chemical com- 
position. The residues of weathering tend to be en- 
riched in silica, alumina, and iron and impoverished 
in alkalies and alkaline earths. Another way of as- 
sessment is by consideration of mineral stabilities 
under weathering conditions. The most stable min- 
erals, quartz, muscovite, and the clay minerals, 
dominate the residue, whereas the most unstable 
fetromagnesian minerals such as olivine, pvroxenes, 
and amphiboles are lost. The degree of weathering 
may be determined bv a mineral stability series, in 
which the most unstable species are lost first and 
the most stable are preserved in the residue. Oli- 
\ me IS one of the most unstable, followed bv augite 
iind hornblende Kyanite, staurolite, and garnet are 
intermediate in stability The most stable, besides 
(|uart/, are zircum, tourmaline, and rutile Caution 
IS required in using mineral stabilities for source 
lock evaluation, for there is evidence that over long 
periods of time some of the unstable minerals may 
disafipeai by solution during diagenesis, a process 
I ulled intrastratal solution 

Mineralogtral maturity. The matin ity of a sedi- 
ment is the degree to which the sedimentary mate- 
rial has had its more unstable minerals removed be- 
fore deposition. A sediment with many unstable 
minerals is an immature one; one with only stable 
minerals is mature. Thus maturity is a measure of 
weathering in the source area, which is in turn a 
furic tion of climate and topography. 

Determining transport distance and direction 
The size distribution of the particles in a clastic 
'sediment is strongly affected by transportation 
agents. The maximum size and median size tend to 
decrease with travel downstream; thus this prop- 
erty can be used in a general way to deduce dis- 
Unce of transport. Size reduction may be the result 
not only of abrasion and splitting of grains but 
uNo of selective sorting, so that only finer material 
1*^ carried on while coarser material is dropped. 
Rate of size reduction is affected by mineral com- 
position, for the softer minerals will wear down 
t]uicker than the hard ones. Roundness and aphe- 
ncity increase in downstream direction. Since the 
late 1930s roundness has been successfully used as 
an indication of abrasion during transportation 
(Fig. 5a). Relation of compositional change to 
transport distance can also be used (Fig. 56). Feld- 
spar, with a hardness of 6 and good cleavage, ap- 
parently wears out somewhat faster than quartz, 
^ith a hardness of 7 and no cleavage. Thus changes 
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Fig 5. Relation of textural ond compositional change 
to distance of tronsport in South Dakoto streams, (a) In- 
crease in roundness of quartz sand in the 1- to 1.414- 
mm class; perfect roundness « 1.0. (b) Percentage of 
feldspar in the 1- to 1.414-mm class. (From W. i. P/um- 
/ey. Black Hills terrace gravels* A study m sediment 
transport, J, Geo/., 56(6):52d-577, 7946) 




Fig. 6. Average of cross-bedding direction ond medion 
size in Lafoyetle gravel. {After P. B, Potter, Petrology 
and origin of the Lafayette gravel: 1, Mineralogy and 
petrology, J, GeoL, 63(1 hi ^6, 1955) 

in quartz-feldspar ratio may indicate changes in 
transportation. The effect, however, seems to be 
small and has not as yet been fully evaluated. 
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DUtOion by other sources. Material coining from 
one source area may become diluted by material 
from other sources as it travels downstream to the 
sea. Areal mapping of mineralogical and textural 
composition is necessary to sort out the contribu- 
tions of different source areas. 

Sedimentary structures and source area. A devel- 
opment of the 1950s has been the use of cross-bed- 
ding and other directional sedimentary structures 
to determine the directions of source areas (Fig. 
6 ) . Such structures are mapped to get the direction 
of transport at each place and thus to ascertain re- 
gional trends. The direction of the source is the up- 
stream direction of transport. Studies of marine 
sedimentary structures have been used to determine 
directions of marine transport. 

Sedimentary petrologic provinces. A sedimentary 
petrologic province is an area in which the sedi- 
ments have a more or less uniform composition and 
come from »he same source (Fig. 7). If two or 
more provinces overlap in time, the rock succession 
represents provincial alteration, or provincial suc- 
cession. The latter may represent continuing 
changes in source area contributions. 
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Fig. 7. Sedimentary petrologic provinces of southern 
North Sea. (After J. A Book, in P. D. Trask, ed.. Re- 
cent Marine Sediments, reprint, 1955) 


Sedimentary facies. The areal variation of li- 
thology in a single bed or stratigraphic unit leads 
to the concept of facies. Facies involve particu- 
lar lithologic characteristics of a bed at one place 
that grade into different characteristics in the same 
bed at other places. Thus a bed may vary in grain 
size from a shale facies to a sand facies, even 
though all of the material may come from the same 
source. Facies maps show the areal distribution of 
elastics versus chemical sediments, sand/shale ra- 
tios, or other lithologic variations in sediments of 
the same age. See F acifs ( geology ) . 

Diastrophic movement and sedimentation. Di- 
astrophism, earth deformation, has direct and indi- 
rect effects on sedimentation. The tectonic forma- 
tion of sedimentary basins provides a place for the 
deposition of material. The depth of water influ- 
ences sedimentation. The depth is related to down- 
warping of the basin and sea level, which are in- 
fluenced by tectonics. The relief and climate of 
the source area are fundamentally controlled by 
earth movements. High mountains are the scene of 


vigorous mechanical erosion. Long continued earth 
stability leads to lowlands with chemical erosion 
predominating. Besides these general considera- 
tions, specific sedimentary associations are con- 
nected with mountain building episodes. 

Flysch and molasse. The terms flysch and molasse 
originated as stratigraphic names in the northern 
Alps, where the erogenic sediments (those involved 
in overthrusting and recumbent folds) were the 
flysch, and the postorogenic sediments (later than 
folding and thrusting) were the molasse. Since their 
original use, an extension of their lithologies and 
orogenic and postorogenic significance has resulted 
in the use of flysch as synonymous with graywacke, 
and molasse with subgraywacke. Typically the 
flysch, which is interbedded shale and graywacke, 
increases in coarseness upward (a reflection of be 
ginning orogenv). The molasse, mainly shale and 
subgraywacke sandstone, decreases in size up- 
ward (a reflection of dying-out orogeny). The mo- 
lasse IS a product of paralic sedimentation. 

Paralic sedimentation. This sedimentation takes 
place in areas within or peripheral to continents, 
where a great amount of terrigenous alluvial de- 
posits is laid down. Deposits may be partially ma- 
rine or brackish water but are dominantly terres 
trial. 

Geosynclinal cycle. Many geologists have rec 
ognized that geosynclines not only may have dis 
tinctive suites of rock types but that the total 
prism of sediments that was deposited in the geo- 
syncline represents an Evolution of rock types more 
or less characteristic of all geosynclines and that 
such a succession of rock types is linked to the 
teclonk development of the geosynriines F. 1 
Pettijohn characterizes the major cycle as begin 
ning with orthoquartzitic and carbonate sediments 
deposited on the flooded craton (the stable core of 
the continent) and the cratonic border of the geo 
syncline. Following this comes mild uplift of part 
of the geosyncline and deposition of cherts, black 
shale, and phosphorite facies. This is succeeded b\ 
strong up warp in adjacent areas and the deposition 
of flysch, increasing in coarseness upward and in 
eluding submarine extrusives and tuffs. The next 
stage is that of postorogenic molasse sedimentation 
and paralic sedimentation, dominated by nonmarine 
deposits. Finally the geosyncline is deformed and 
uplifted into mountain belts. There are many varia- 
tions in geosynclinal development and therefore in 
the geosynclinal cycle; thus, no two are alike. The 
general concept of the cycle, however, seems to 
have some validity. See Geosyncline; Orogeny , 
see also Paleogeography ; Paleoceology ; Sedi- 
mentary rocks; Tectonic patterns. Ir.s.1 

Bibliography: C. O. Dunbar and J. Rodgers. 
Principles of Stratigraphy^ 1957; W. C. Krumbein 
and L. L. Sloss, Stratigraphy and Sedimentation. 
1951; F. J. Pettijohn, Sedimentary RockSt 2d ed.. 
1957; W. O. Smith et al.. Comprehensive Survey 
of Sedimentation in Lake Mead, I94H-1949, Gcol 
Survey Prof. Paper 295, 1960; W. H. Twenhofeli 
Principles of Sedimentation. 2d ed., 1950. 
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sphere, when each particle is sufficiently far away 
from all other particles and from the wall of the 
equipment that its motion is unaffected by their 
presence, and when the particle is moving at con- 
stant velocity, that is, without acceleration. Figure 1 
shows how, for this case, the terminal velocity ut is 
influenced by the acceleration of gravity g, the di- 
ameter and density of the particle. Dp and pp, 
respectively, and the density and viscosity of the 
fluid, p and p. respectively. Figure 1 is a log-log 
plot of two dimensionless groups. The abscissa, 
DpUtp/fi, is a Reynolds number, and the ordinate 

(D,p/n)y/gDp(pp /p — l) 

is related to a factor called the drag coefficient. 
The units used in these expressions may be any 
self-consistent set, such as the foot-pound-second 
units suggested in Fig. 1. 

To use Fig. 1 to predict a terminal velocity, the 
magnitude of the ordinate is calculated from known 
values of g. Dp, p, p, and pp. The corresponding 
value of the abscissa is read from the solid curve 
of Fig. 1, and the value of uu the terminal velocity, 
calculated from the value of the abscissa. 

Stokes' law. For Reynolds numbers below about 
0.1, the law of settling takes the following simple 
form, called Stokes' law: 

fDt'ip, - *) 

— 

This equation la plotted as the straight broken line 
in Fig. 1. 

Sadimantation rates in practice. At large Rey- 
nolds numbers, which are found with large parti- 
cles and small viscosities, the terminal velocity is 
less than that predicted from Stokes’ law, and the 
curved line in Fig. 1 must be used. Also, in practice, 
the particles are usually very close together, and 
some are also close to the wall of the equipment. 
Under these hindered settling conditions, the rate 
of settling is considerably less than that predicted 
by the curve of Fig. 1. Actual rates may sometimes 
be estimated by applying correction factors to the 
correlation of Fig. 1, but for accuracy, it is best to 
measure the rates experimentally on the actual 
sludge to be settled. 

Batch sedimentation of flocculated particles. 

Particles too small to be settled at practicable rates 
are often amenable to flocculation. This is accom- 
plished by adding agents such as sodium silicate, 
alum, lime, and alumina. The particles agglomerate 
into coarse floes, which act like single large parti- 
cles, settle at a practicable speed, and leave a 
clear supernatant liquid behind. 

A batch of flocculated pulp passes through sev- 
eral stages during sedimentation. Figure 2 shows 
the process diagrammatically. Figure 2a represents 
the original homogeneous flocculated pulp ready to 
settle. In Figs. 2a to c, layer fi is a uniform sus- 
pension of the same solid concentration as that of 
the original pulp, and layer A is clear supernatant 
liquid. Layer D consists of floes resting lightly on 



Fig. 2. (o-o) Botch sadimantation of flocculotad por- 
ticlai. (From W, L McCabe and J. C. Smith, Unit Op- 
erations of Chemical Engineering, McGraw-Hill, 1956) 


one another, with liquid filling the voids between 
the floes. Layer C is a transition layer, the solid 
concentration of which varies continuously from 
that in layer B to that in layer D. As settling con- 
tinues, layers C and B decrease and finally disap- 
pear. The end of this stage is shown in Fig. 2ci. 
Then, a new effect, called compression, begins. Dur- 
ing compression, the weight of 4he deposit breaks 
down the structure of the floes, and some of the 
liquid in the floes of layer D is expelled as small 
geysers. The thickness of layer D decreases to an 
equilibrium height called the ultimate height, as 
shown in Fig. 2c, and the process stops. See Clari- 
fication; Reynolds number; Separation (mk- 
chanical) ; Thickening. [w-l-m.] 

Bibliography: H. S. Coe and C. H. Clevenger, 
Methods for determiniifg the capacities of slime- 
settling tanks, Trans. AIMME^ 55:356, 1916; W. L 
McCabe and J. C. Smith, Unit Operations of Chem- 
ical Engineering, 1956; J. H. Perry (ed.). Chemi- 
cal Engineers' Handbook, 3d ed., 1950. 

Seed (botany) 

A fertilized ovule containing an embryo which 
forms a new plant upon germination. Seed-bearing 
characterizes the higher plants — the gymnosperms 
(conifers and allies) and the angiosperms (flow- 
ering plants). Cymnoaperm (naked) seeds arise on 
the surface of a structure, as on a seed scale of a 
pine cone. Angiosperm (covered) seeds develop 
within a fruit, as the peas in a pod. See Flower 
(botany) ; Fruit (botany). 

Seed structure. One or two tissue envelopes, 
integuments, form the seed coat which encloses 
the seed except for a tiny pore, the micropyle 
(Fig. 1). The micropyle is near the funiculus (seed 
stalk) in angiosperm seeds. The hilum is the scar 
left when the seed is detached from the funiculus. 
Some seeds have a raphe, a ridge near the hilum 
opposite the micropyle, and a bulbous strophiole. 
Others such as nutmeg possess arils, outgrowths of 
the funiculus, or a fleshy caruncle developed from 
the seed coat near the hilum, as in the castor bean 
The fleshy, edible aril of the Philippine kamanchile 
completely encloses the seed to form a fruitlike 
structure. 

The embryo consists of an axis and attached cot* 
yledons (seed leaves). The part of the axis above 
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Fig 1 (a) Median longitudinal section of pea ovule 

shortly after fertilization, showing attachment to pod 
tissues (b) Mature kidney bean, (c) Mature castor bean. 
(d) Opened embryo of mature kidney bean. 

thr (otylc*dons ib the epitotyl (plumule) ; that be- 
low, the hyporotyl, the lower end of whi< h bears a 
more or less developed primurdium of the root 
(radicle). The epicot>l, essentially a teiminal bud, 
possesses an apical menstem (growing point) and, 
sometimes, leaf primordia. The seedling stem de- 
velops from the epicotyl. An apical menstem of the 
radicle pioduces the primary root of the seedling, 
and liansition between root and stem occurs in the 
hvpocotvl See Mfrisii-m, apkal; Rooi (bot- 
any ) ; Sri-M (BorANY). 

Two to many cotyledons occur in different gym- 
nosperms. The angiosperms are divided into two 
nid)or groups according to number of cotyledons: 
the monocotyledons including orchids, lilies, 
grasses, and sedges; and the dicotyledons such as 
brans, roses, and sunfloweis. Mature gymnosperm 
seeds contain an endosperm (albumen or nutritive 


tissue) surrounding the embryo. In some mature 
dicotyledon seeds the endosperm persists, the cot- 
yledons are flat and leaflike, and the epicotyl is 
simply an apical meristem (Fig. 2). In other seeds, 
such as the bean, the growing embryo absorbs the 
endosperm, and food reserve for germination is 
stored in fleshy cotyledons. The endosperm persists 
in common monocotyledons, for example, corn and 
wheat, and the cotyledon, known as the scutellum, 
functions as an absorbing organ during germina- 
tion (Fig. 3). Grain embryos also possess a co- 
leoptile and a coleorhiza sheathing the epicotyl and 
radicle, respectively. The apical ineristems of lat- 
eral seed roots also may be differentiated m the em- 
bi yonic axis near the scutellum of some grains. 

Monocotyledon and dicotyledon seeds also differ 
in seed coat structure. In grains, or caryopsis 
fruits, the mature fruit wall and seed coat may be 
fused and the outermost endosperm cells form an 
aleurone layer, rich in proteins. Flour brans con- 
sist of fragments of aleurone and fruit-seed coats. 
Most of the thiamine and riboflavin of grains oc- 
cur in these tissues and near the scutellum. 

Cellular structure of the seed coat varies in the 
dicotyledons. An outer, water-impervious laver of 
wax or cuticle is usually present. The outermost 
cells in bean and pea seed coats, known as macro- 
sclereids (Malpighian cells), have fluted, cellu- 
losic wall thickenings; underlying them is a layer 
of osteoscleieids, short bone-shaped cells. Two lay- 
ers of macrosclereids occur at the hilum in peas 
and beans. Underlying them is a group of tracheary 
cells with reticulate (netted) wall thickenings, and 
a surrounding spongy tissue of branched ( ells and 
large air spaces. This structure appears to he well 
suited for water absorption during germination. 

Many so-called seeds consist of hardened parts 
of the fruit enclosing the true seed which has a 
thin, papery seed coat. Among these are the 
achenes, as in sunflower, dandelion, and straw- 
berry, and the pits of stone fruits such as cherry, 
peach, and raspberry. Many common nuts are also 
of this structure. 

SMd dispartal. Mechanisms for seed dispersal 
include l^arts of both fruit and seed. Some dry 
fruits have membranous air sacs which aid in seed 



^'9 2. (o) Median longftudinol section of embryo of longitudinolly. (c) Castor boon removed from seed coat 
Oarrya elliptiea (silk tassel bush) embedded In endo- and split longitudinolly between co^ledons. 
removed from moture seed, (b) Costor beon cut 
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Fig 3. (o) Longitudinal $ection of corn kernel (from 
M. J. Wolf ef oL, Cereal Chem., 29:327-382. 7952). 
(b) Section of outer cell layers of wheat grain, (c) Sec* 
tion of outer cells of mature pea seed coat, (d) Section 
of hilum area of nearly mature pea. (e) Section through 
portion of young raspberry drupelet (segment of berry). 

dispersal l)v water. In rorkleburrs and lieggarticks 
the seeds are enclosed in spiny, barbed fruits which 
arc readily carried in the fur of animals. Seed dis- 
persal bv wind is aided bv hair tufts of dandelion 
achenes. wings of elm and maple fruits and of co- 
nifer seeds, and by seed-coat hairs of willow, c*ot- 
tonwood. and milkweed seeds. Cotton fibers consist 
of greatly elongated epidermal hairs of the seed 
coat as do also the kapok fibers of the silk-cotton 
tree, Ceiba pentandra (see Cotton; Kapok irif). 

Economic importance. Propagation of plants 
bv seed and technological use of seed and seed 
products are among man’s most important activi- 
ties. Specializations of seed structure and composi- 
tion pro\ide rich sources for industrial exploitation 
other than direct use as food. Common products in- 
clude starches and glutens from grains, hemicellu- 
loses from guar and locust beans, proteins and oils 
from soybeans and cotton seed. Drugs, enzymes, 
vitamins, spices and condiments are obtained from 
embiyos, endosperm, and entire seeds, often includ- 
ing the fruit coat. Most of the oils of palm, olive, 
and pine seeds are in the endosperm. Safflower seed 
oil is obtained mainly from the embryo, whereas 
both the seed coat and embryo of cotton seed are 
rich in oils. See Agricultitre; Biochemistry; 
Food encinkerinc; Plant anatomy; Reproduc- 
tion, PL\Nr. [r. m. reeve] 


Seed germination 

The resumption of growth by the plant embryo 
when the proper conditions are provided. During 
the maturation of the seed on the parent plant, an 
embryo, or young plant, develops within the seed 
coats. Following maturation there is a dormant 
phase during which the young embryo is usually 
quiescent. Technically, the germination process 
has begun when the seeds start to take up moisture. 
This imbibition period is a short one and is fol- 
lowed by biochemical or morphological changes or 
both. These changes, not apparent from the out- 
side of the seed, peimit cell multiplication and 
further growth and result in the penetration of the 
seed coats by the young radicle or root.' 

Two leading requirements for germination are 
suitable moisture supply and proper temperature. 
In addition oxygen is usually essential, though 
there are seeds ad\ersely affected by large amounts 
of it. 

Testing and analysis of seeds. The quality 
of agiicultural, vegetable, and tree seeds is of the 
utmost importance in planting programs that aim 
to provide the world's needs for food and other 
plant products. Because of this importance, official 
laboratories have been established throughout the 
world to conduct analysis of seed samples as to 
purity of the seeds (whether contaminated by weed 
seeds or those of other crops) and geiminalivc 
capacity. Furthermore, certain rules have been 
agreed upon to ensure, national and intei national 
uniformity in the testing and the reporting and 
evaluation of results. It has taken a great deal of 
research, much of which has been published in the 
Pioceedings of the International Seed Testing As- 
sociation, to arrive at these standard procedures. 

Impermeable seed coats. Many seeds, espe- 
tiallv those of the family Leguminosae, have coats 
whi( h arc impermeable to water. Most of these 
seeds germinate readily after coats are treated to 
permit water absorption. Among such treatments 
are mechanical scarification or shaking and soak- 
ing in hot water, alcohol, or concentrated sulfuric 
acid. 

Temperature and nondormant seeds. Some 
seeds, notably those of certain flowers, require 
special temperatures for geimination. For exam- 
ple, wild columbine (Aqidlegia canadensis L.)* 
honeysuckle (Lonicera tartarira L.), and Catalpa 
spp. offer no special difficulties at temperatures 
of 15-25^C, but higher temperatures reduce or 
prevent germination. 

The difficulties encountered by many rock gar- 
den enthusiasts in the germination of seeds may 
be attributed to any one of several factors. Seeds 
Primula obconica Hance and Ramonda pyre- 
naica Rich, require light for germination. Al- 
though light is not essential for the germination 
of Draba aizoides L., Gentiana lagodecfUana 
Kusn., Mimulus langsdorfU Donn, and Primula 
denticulata Sm., exposure of all of these seeds to 





light during the germination process permits seed- 
ling production at temperatures that would be in- 
hibitive in darkness. Other rock garden seeds, such 
as Calochortus macrocarpus DougL, Camassia 
leichtlinii Wats., and Lewisia rediviva Piirsh, 
germinate only at temperatures of approximately 
5^C. This is in contrast to Draba alpina L., 
Meronopsis cambrica Vig., and Geniiana rrinita 
Froel., seeds of which possess dormant embryos 
and must be pretreated at low temperature, after 
which germination proceeds at ordinary green- 
house temperature. 

Temperature and dormant embryos. There 
IS a type of dormancy of low intensity that is ex- 
hibited by many seeds at maturity but that dis- 
appears after a period of dry storage. It is rhar- 
d(tcristjc of many grain and flower seeds and of 
some vegetable seeds, notably lettuce. Such dor- 
tnariiv may be oveilookt‘d if no germination lest is 
made until several months after harvest. 

Many plants, especially those of the tempeiate 
/one, have seeds with dormant embryos. The 
method commonly used to break this dormancy is 
pretreatment in a moist medium at low teinpeia- 
liires I'his process has long been used by nurseiy- 
men unde? the teim “stratification,” so called be- 
(duse of the practice <if alternating la>ers of sand 
ivith layers ol seeds foi winter treatment. Stiatifi- 

< at ion has come to mean any moist low-tempera- 
tiiie pretieatment, whether the actual layering 
priwess IS used or not. Mixing the seeds with some 
moist medium like granulated peal moss oi veimic- 
ulite or lust planting the seeds in soil in a regular 
manner are methods often used for the after- 
iipenuig of embryos at low temperature. 

The effective temperalures for bringing about 
tlo changes necessary for germination are usually 
luMween 1 and lO^'C, with commonly effective. 
Manv types of seeds respond to this treatment, 
from the delicate fringed gentian through acpiatic 
plants to shrubs and large trees. Tables have been 
fMibhshed listing some 100 species with the lem- 
peidture and time requiiements fui satisfactory 
aitei ripening. 

I nfavoiable germination conditions often in- 
rluce a secondary dormancy which also requires 
''pei lal treatment before germination can pio- 

< eed. 

Impermeable coats and dormant embryos. 

^oine seeds with dormant embryos do not after- 
^rpen in a moist medium at low temperatures be- 
( arise their coats are impermeable to water. In 
tlie^e cases it is essential to make the coat per- 
rncdble by mechanical or chemical treatment or a 
petiod in moist soil at about 2.5®C, after which a 
P<*nod in a moist medium at low temperature will 
kit-ak dormancy. This type of dormancy has been 
demonstrated for a number of forms, namely, 
if aba racemosa L., Arctostaphylos uva-ursi (L.) 
''preng., Cornus canadensis L., Cotoneaster divari- 
Rehd. and Wils., Cotoneaster horizontalis 
11c* ne., «,everal species of Crataegus^ Halesia 
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Carolina L, Rhodotypos kerrioides Sieb. and Zucc., 
Symphoricarpos racemosus Michx., Taxus cuspU 
data Sieb. and Zucc., and TUia americana L. 

Epicotyl dormancy. All of the seeds described 
above as responding favorably to low-temperature 
pretreatment afterripen while still enclosed in 
seed coats, and once the embryo resumes growth 
the green plant appears above ground in a short 
time. Another type of dormancy has been found in 
which the seed germinates to form a root without 
any pretreatment, but once the root is termed, low 
temperature is essential to break the dormancy of 
the shoot or the bud that forms it This has been 
designated epicotyl dormancy. The so-called 2-year 
lilies, the tiee peony (Paeonia suffruticosa Andr.), 
and several species of Viburnum belong to this 
categoi y. 

Dwarfs from nonafterripened embryos. When 
all of the coats surrounding seeds of Rhodotypos 
kerrioides Sieb. and Zuct., Prunus persica (L. ) 
Slokes, Pyrus malus L., and some Crataegus spp., 
are removed, a certain percentage of the embryos 
that require cold stratifi(‘dtioii for normal develop- 
ment will grow al greenhouse temperatures to form 
dwarf plants. In such physiological dwarfs normal 
growth is initiated alter some months of stunting 
oi after exposure of the seedling to a cold period. 
This dwarf character is doubtless another expres- 
sion of the phenomenon known as epicotyl dor- 
mancy. 

Double dormancy. From the previous discus- 
sions it might be expected that there would be 
seeds that require pretreatment at low tempera- 
ture to break the dormancy of the root, a period 
at high temperature to permit the root to grow, 
another period at low temperature to break epi- 
cotyl dormancy, and, finally, a second period at 
high temperature to permit the growth of the after- 
ripened epicotyl. Such seeds do exist, for example, 
in Caulophyllum thaUctroides (L.) Michx., Con^ 
vallaria majalis L., Smilacina racemosa ( L. ) Desf., 
and Trillium spp. 

Light. The influence of light on seed germina- 
tion has been known for many years and has been 
reviewed b> Michael Evenari, William Crocker, 
and E. H. Toole and coworkers. This influence 
takes the form of either inhibition or stimulation 
of germination, depending upon the wavelength of 
the light and the kind of seed. The specific action 
spectra responsible have been known since 1940. 
and the photoreaction controlling the germination 
of Lactuca saliva L. seeds was shown to be re- 
peatedly, phot oreversible on the same seed in 19S2. 
According to Toole and coworkers, this photo- 
reversibility may be expressed as follows: 

Pigment + Reactant A Pjpnent + Changed 
(Red- (far-red- reactant 

absorbing) w ^ absorbing) 

darkness 

The red portion of the spectrum stimulates and the 
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far-red portion of the spectrum inhibits the germi- 
nation of Lactuca sativa L. seeds. 5ee Puotoperi- 

ODISM IN PLANTS. 

It has been found further that the germination of 
seeds of many plants is controlled by a brief ir- 
radiation of low energy, while many other seeds, 
such as those of Paulownia tomentosa (Thunb.) 
Steud. and Pinus taeda L. need much longer ex- 
posures. 

Still other kinds of seeds, the germination re- 
sponse of which was not previously understood, 
really have ^high-energy light requirement. Inhibi- 
tion of their germination is controlled by a combi- 
nation of a reversible change of the pigment forms 
and their continued excitation. Examples of plants 
whose seeds require high-energy light are Lactuca 
sativa L., Lamium cmplexicaule L., and Nemo- 
phila insignis Dougl. 

Other factors. In certain cereals, including 
dormant wild oats, and in Xanthium it has been 
shown that seed or fruit structures enclosing the 
embryos exclude oxygen and thus prevent germina- 
tion. However, gaseous exchange is rarely a factor 
in germination. 

The maturity of the seeds when they are shed or 
removed from the parent plants, the seed size, 
atmospheric pressure, electrical treatment, radio- 
activity, symbiotic relationship with other plants 
or plant parts, and even the moon have been re- 
ported to affect seed germination. Chemicals of 
various kinds, applied externally or metabolized 
within the seeds, are also responsible for germina- 
tion failure or stimulation. 

Much work is now being done in different labora- 
tories on biochemical changes taking place in 
seeds during germination. Results of these in- 
vestigations will contribute greatly to the elucida- 
tion of the germination process. See Plant 
growth; Plant organs; Seed (botany). 

[l.v.ba.] 
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Seiche 

A standing wave (stationary oscillation) that oc- 
curs in enclosed or partially enclosed water bodies, 
such as lakes, bays, gulfs, and harbors, in which 
the water has a natural period of oscillation de- 
pending on the horizontal dimensions and depth of 
the containing basin. Seiches are commonly gen- 
erated by wind, atmospheric pressure gradients, 
tides, or oscillations of adjacent water bodies. Rela- 
tively weak external forces can start a prolonged 
set of damped seiche oscillations that may reach 
large proportions if the periodicity of the cause 


approximates the natural seiche period. See Wave 
MOTION IN LIQUIDS. 

As wave length is long relative to the depth of 
the water body, seiche behavior conforms to long- 
wave theory. Thus, the velocity is given by y/^, 
where g is the acceleration of gravity and h, the 
water depth. The natural period of oscillation for 
uniformly deep, completely enclosed rectangular 
basins is given by 2l/ny/gh, where n is the number 
of nodal lines present (1 for the fundamental case 
or mononodal seiche and 2 for the binodal seiche). 
Antinodes exist at the extremities of such a basin, 
with the node (or nodes) in the central region. 

In the accompanying profile (Fig. 1) of standing 
waves in the closed basins ABBfA^'.unA ACCA\ 
vectors indicate the vertical and horizontal compo- 
nents of motion as the water surface oscillates 
from the position of the solid line to that of the 
broken line. (Direc:tions are reversed in the return 
motion.) Points 1 and 2. below which there is max- 
imum horizontal and no vertical motion, are called 
nodes. Points A, B, and C, below which there is 
maximum vertical and no horizontal motion, are 
called antinodes. The seiche in the smaller basin 
ABB'A\ having only one node, is the fundamental 
mode, or mononodal seiche. The seiche in the 
larger basin ACC'A^ has two nodes and is there- 
fore a binodal seiche. 

The natural period for an open-end basin is 
4//itV^, with nodal and antinodal lines at the 
open and closed margjps, respectively. Basin irreg- 
ularities and Coriolis effects may introduce' errors 
as much as 10% of formula calculations; however, 
refined procedures exist which make it possible to 
correct seiche determinations and compensate for 
these errors. 

Coriolis offset. The Coriolis (deflective) effect 
of the earth’s rotation imposes a secondary effect 
on the water level changes produced by a seiche. 
In plan views Fig. 2a and 6, arrows show surface 
currents at V\ and % cycles respectively, after high 
water at the channel head. Coriolis deflection, indi- 
cated by dotted arrows, causes an increase of wa- 
ter level in the right half of the current in both 
a and b, with a corresponding decrease to the left. 
The dotted line is one of mean level with respect 
to the deflection. Water profiles along nodal lines 
are shown beneath Fig. 2a and b. Point 0. 



Fig. 1. Seiches in rectangular basins. Note: Figure 
Is exaggerated in that oscillation of water surfoce 
is shown to extend to bottom of basin. 



railed the omphidromic point, is thus the only po> 
sition of no water change. Line ON connects points 
having simultaneous high water. Other such ‘‘co- 
tidal lines” are shown in Fig. 2c for different 
phases of one seiche oscillation. The superposition 
of the transverse (deflective) motion on the pri- 
mary longitudinal motion causes this line to rotate 
rounterclockwise through one complete oscillation, 
in the Northern Hemisphere. See Tide. 



Fig 2 Schematic representation of transverse oscilla- 
tions in a bay in the Northern Hemisphere leading to 
the development of an omphidromic point, (a) Ebb 
current (b) Flood current (c) Cotidal lines. 


Internal seiches. Internal seiches may develop 
when vertical variations of temperature or salinity 
produce a significant variation in density between 
two water layers The zone or surface between 
these layers, will, if the density contrast is suffi- 
cient, behave as a free surface, similar to that be- 
tween water and air. Seiches can be supported by 
this internal surface where the vertical water mo- 
tion will be a maximum. [w.l.d.] 

Seismograph 

A device for detecting, amplifying, and recording 
motion of the ground. Ground motion varies greatly, 
depending on the manner of excitation. Seismic 
waves from explosions and earthquakes occur in 
the frequency range from about 100 to %ooo cps. 
Three components of ground motion are involved in 
the propagation of seismic waves. Defined in terms 
of direction of wave advance they include push- 
pull (forward and backward), left-right (at right 
angles), and up-down (vertical) motions. Ground 
motion can vary by a factor of about 10^ from the 
smallest to the largest recorded earthquakes. For 
these reasons, many different types of seismographs 
have been designed. Two major categories exist: 
pendulum seismographs and strain seismograp*hs. 

Pendulum taismographs. This type measures 
the relative motion between the ground and a 
loosely coupled inertial mass. In some instruments, 
optical magnification is used, whereas other devices 
exploit the advantages of electromagnetic trans- 
ducers, photocells, galvanometers, and electronic 
Amplifiers to achieve higher magnification. 
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Most widely used in seismograph stations is the 
electromagnetic pendulum seismograph with gal- 
vanometric registration. A coil is attached to the 
pendulum, and a sensitive galvanometer is con- 
nected to the coil. Motion of the coil in a magnetic 
field induces an electromotive force which activates 
the galvanometer movement. A mirror on the gal- 
vanometer deflects a light beam so as to produce a 
record on photographic paper. An alternate form 
uses a variable reluctance transducer in which 
movement of the pendulum varies the reluctance of 
a magnetic circuit. The resulting magnetic flux var- 
iations induce an electromotive force in a coil sur- 
rounding an armature in the magnetic circuit. 

The equations for a pendulum-galvanometer seis- 
mograph system are (after S. K. Chakrabarty) : 




* 




dt 


dt 


de 


Here, x is the pendulum displacement, Z is the 
ground displacement, and B is the galvanometer de- 
flection; c and CD are, respectively, damping con- 
stant and natural (circular) frequency. The sub- 
script o refers to pendulum and g to galvanometer, 
Oo is the coupling factor of galvanometer to pen- 
dulum and etg that of pendulum to galvanometer, 
and t is time. For any given ground displacement 
Z, 0 (hence the trace motion on the seismogram) 
can be competed. Also, Z can be found from 0 and 
its derivatives and integrals. By selecting appropri- 
ate values for the constants c, a>, and o, a seis- 
mograph system can be designed for specified sen- 
sitivity, frequency response, and phase distortion. 
For example, the frequency response A of a seis- 
mograph system is found by solving for 0 in the 
preceding equation after setting 

Z s C sin (Opt 


where C is the maximum amplitude and (Oe is the 
circular frequency of an assumed steady sinusoidal 
ground displacement. The frequency response is 


A - (r (®o* - 0).*) ((Op* - (Op*) - WCoCp]* 

. " + r2(O.Co(cop* - (Op*) + 2(0.€p((0o* - (Op*) 


Need for diverse types. In order to achieve ade- 
quate dynamic range and the ability to record over 
a wide frequency range, several different types of 
seismograph systems are used simultaneously. 
Strong motion instruments of low magnification re- 
cord ground accelerations for severe shaking which 
would disable more sensitive apparatus. The back- 
ground noise (microseisms) in the earth varies 
with frequency. Thus, for frequencies near % cps, 
the maximum usable magnification of a seismo- 
graph located almost anywhere in the world is 
about 2000. For frequencies near 5 cps, magnifica- 
tions of 1 X 10* are usable at certain quiet loca- 
tions. For this reason, broad band instruments with 

a 
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Fig. 1. Response curves for some seismograph systems 
in current use: To, penduium period; Tg, galvanometer 
period. 



Rg. 2. The Benioff verticoi seismometer. Penduium 
period is 1 sec. 


uniform response over the entire seismic frequency 
range are not used. Rather, seismographs covering 
limited parts of the spectrum are designed. This 
not only improves the signal-to-noise ratio, but also 
makes possible the discrimination between seismic 
waves of diflferent frequencies' which arrive at the 
same time but are controlled by different mecba* 
nisms of propagation. 

In Fig. 1 are shown the response curves for sev- 
eral seismograph systems in current use. The 


Benioff vertical seismometer (pendulum period, 1 
sec) is shown in Fig. 2. The Press-Ewing vertical 
seismometer (pendulum period, 30 sec) is shown 
in Fig. 3. 

Stniil seismographs. The principle of the Beni- 
off linear strain seismograph is shown in Fig. 4. 
Two piers. Pi and P2, are tied to bedrock and sepa- 
rated by distances of about 100 ft. L is a rigid 
fused-quartz tube attached to Pi and suspended so 
as to have a single degree of freedom in the longi- 
tudinal direction. Strains in the ground produce 
proportional variations in the distance between Pi 
and P2 which may be detected by a sensitive trans- 
ducer in the gap between the free end of L and 
P2. Electromagnetic and variable (discriminator 
transducers are used. The strain sei^ograph de- 
tects secular strains related to tectonic processes 
and tidal yielding of the solid earth. Strains asso- 
ciated with propagating seismic waves are also re- 
corded. The response of a strain seismograph to 
longitudinal motions is 

T * —V — cos* Of -7- 
c at 

where V represents the response of the transducer ; 
I», the length of the rod; c, the apparent surface 
velocity of the seismic waves; a is the angle be- 
tween the direction of the rod and the propagation 
direction; and $ is the ground particle displace- 
ment. Under favorable conditions of stable sites, 
strains as small as are recorded. A typi- 

cal installation is shown in Fig. 5. 

Seiamic prospecting apparatus. In seismic ex- 
ploration for petroleum, explosions provide the 
source of seismic waves. The frequency range is 
2-20 cps for refraction shooting and 20-300 cps 
for reflection shooting, depending on local condi- 
tions. 

The principal field problem is to obtain maxi- 
mum signal-to noise ratio and to survey large areas 
rapidly. This requires portable or truck-mounted 
apparatus and the use of arrays of detectors, filter- 
ing techniques, and specially designed recording 
methods. 



Rg. 3. The Prest-Ewing vertical seismometer. Pendi?:, 
lum period Is 30 sec. 
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Fig. 4. Principle of the Benioff linear strain seismo* 
graph. 



Fig 5 Benioff linear strain seismograph. 


I he detectors (geophones), often weighing less 
than 1 lb, contain a mass suppoited by a spring 
and constrained to move in the vertical direction. 
\ii electromagnetic transducer transforms the me- 
thanical motion into voltages. Special amplifiers 
are designed for small size, large gain, and free- 
dom from noise; these incorporate band pass 61- 
tcrs with adjustable low and high frequency cutoff. 
Vutomatic gain control provides usable signals 
Iroin the arrival of the initial large amplitude waves 
until signal strength drops below the level of back- 
ground noise. 

Magnetic tape and drum recording are used to cx- 
idoit the advantages of dynamic range and play- 
I'ark. Photogalvanometric recording systems are 
also used. 5ee Geophysical exploration; Pros- 
**L( riNc; Seismology; see also Earthquake. 

[F.P.] 

Bibliography: H. Benioff, Earthquake seismo- 
graphs and associated instruments, in H. E. Lands- 
^®rg (ed.). Advances in Geophysics^ vol. 2, 1955. 


Seismology 

The science of earthquakes and the earth's interior 
as revealed by seismic waves. It is a relatively 
young science in which the major developments be- 
gan about 1880 with the invention of a machine 
for measuring earthquakes (w Seismograph). An 
earthquake or explosion represents a source of 
seismic waves which propagate in the earth's in- 
terior and emerge to be recorded by seismographs 
distributed over the earth’s surface. From wave 
analysis it is possible to infer the sub-surface struc- 
ture and sometimes the mechanism of the source. 

Earthquakes. Elastic strain accumulates in the 
outermost several hundred kilometers of the earth 
because of thermal processes in the interior. Earth- 
quakes are sudden failures of rock under strain. 

Faults and fault zones. Ruptures or faults occur 
most frequently in belts of rapid stiain accumula- 
tion in association with new mountain systems, 
deep sea trenches, and volcanic /ones Most occur 
at shallow depths (<;^30 km) and none occur at 
depths greater than 600 700 km. 

In the cite urn Pat ific belt, for evample. geodesic 
measurements indicate a gradual deformation, as 
if the Pacific Oc can basin is rotating in a counter- 
clockwise direciion with lespect to the continent. 
Where observable, faults associated with eailh- 
qiiakes in this belt show movements consi'itent with 
this pattein of defoimation. 

The earthcpiake belts of the world are depicted 
in Fig. 1. The circnm-Pacific belt is the major 
earthciuake feature of the world. Othei belts of 
lessei activity are the Alpide belt which runs from 
Binma to the Alps, the mid- Atlantic Ridge, the 
East African rift zone, and the Pamir-Baikal zone. 
Stable 1/lof‘ks where seismic* activity is the least, 
are the d»*ep sea basins and the continental shields. 

Tectonii-seismir-gramty associations. Associated 
with the circum-Patific belt is a remarkable arcu- 
ate tectonic-seismic structure where a deep sea 
tiench, a seismu belt, a gravity anomaly, and a vol- 
canic chain occur in a definite pattern. The highest 
seismicity is associated with this type of structure 
(Fig 2). Earthquakes in Japan, the Aleutians, and 
tlie Pacific Coast of South Ameiica are examples. 
Block movements along faults are another tec^tonic- 
seismic feature. Earthquakes in California fall into 
this category in which displacements between large 
blocks occur along faults which are sometimes visi- 
ble at the surface. The San Andreas fault of Cali- 
fornia is a classic example. 

Elastic rebound theory. California block faulting 
gave rise to the elastic rebound theory, according 
to which an earthquake occurs at a point where the 
gradually accumulating strain exceeds the strength 
of the rock, producing a slip. However, this theorv 
can account for only very shallow earthquakes be- 
cause the frictional locking of fault blocks under 
hydrostatic pressure requires stress differences 
higher than the strength of the rock permits. A con- 
dition of unstable plastic deformation (creep) has 
been suggested as an alternative mechanism. 



Fig. 1. Earthquake belts of the world as shown by 
epicenters of shallow focus earthquakes 1918-1952. 
(After fi. Gutenberg and C, F. Richter) 


Types of earthquakes* Most earthquakes of sig- 
nificant size are associated with tectonic activity 
and are known as tectonic earthquakes. Magma 
movements associated with active volcanoes may in- 
duce minor earthquakes (volcanic earthquakes). 
Deep focus earthquakes occur almost entirely in 
association with the arcuate structures of the Cir- 
cumpacific Belt. Their maximum depth of about 
700 km places a lower depth limit for strain ac- 
cumulation under long-term stresses. 

Size of earthquakes. This aspect may be charac- 
terized by intensity or magnitude. Intensity is a 


negative gravity an omaly 

volcano 



isiwd arc 



Fig. 2. Arcuate tectonic-teitmic structure showing pa^ 
tern of deep seo trench, seismic belt, gravity anomaly 
ond volcanism. (From 8. Gufenborg and C. F. Richter, 
Seismicity of the Earth and Attociaiad Phenomeno, 2d 
ad., Princeton UnharsHy Press, 7954) 


measure of the degr^ of shaking at a place a«^ 
indicated by effects m people, objects, and struc- 
tures. In the modified Mercalli intensity scale, 12 
grades of intensity are used. Isoseismals are equal- 
value lines, similar to contours on a map, represent- 
ing boundaries between zones of successive 
intensity as compiled from field investigation. Mag 
nitude is more quantitative. It is an instrumental 
scale in which the logarithm (to the base 10) of 
the amplitude of ground velocity is added to a fac- 
tor which corrects for distance and local condi- 
tions at the seismograph station. The smallest le- 
corded earthquakes have magnitudes between 0 and 
1, and the largest magnitude found was 8.6. The 
energy released in the seismic waves of the largest 
earthquakes is about 10** ergs. Although the an- 
nual number of earthquakes is in the millions, the 
few shocks of largest magnitude account for most 
of the energy release. See Earthquake. 

Seismic waves. The equations of motion for an 
elastic solid may be written in the form 

(ft+ HM)gradR-+-M^ 

where s is the particle displacement vector, 0 • 
div s is the dilatation, p is the density, and p. and k 
are the elastic constants of rigidity and bulk modu- 
lus, respectively. Taking the divergence of the 
preceding equation yields the following wave equa- 
tion for 0 : 




Fig. 3. Reflection and refraction of elastic waves ac- 
cording to Snell's law; a and j8 are compressional and 
shear velocities respectively. 

Taking the eiirl of 1 gives a wave equation for the 
rniation 



where ^ = rurl s. These equations establish the 
existener of the dilatational (P) waves and rota- 
lional or shear (.S) waves for an elastic solid with 
velocities V (k + Yaix) / p and V/x/p, respectively. 

Most consolidated rocks found near the surface 
<il the earth have compressional velocities in the 
range 2 8 km ^sec. Sedimentary rocks generally fall 
in the velocity range 2-S km/sec, and igneous rocks 
have values 5-8 km/sec. The velocity increases with 
pressure and compaction, and decreases with tem- 
perature. Crystalline sedimentary and igneous rocks 
fall in the higher velocity range, and for these 
rocks, the compressional velocity is about V3 times 
greater than shear velocity. 

Shear waves are conveniently divided into SV and 
SH waves which are polarized respectively in verti- 
cal and horizontal planes. In general, P and SV 
waves incident upon a horizontal interface separat- 
ing two media having different elastic constants 
produce two reflected and two refracted waves 
(Fig. 3). SnelFs law is satisfied, and the phenome- 
non of critical reflection is possible. This may be 
verified, and reflection and transmission coeffi- 
cients may be found by seeking solutions of the 
wave equations which satisfy the conditions of con- 
tinuity of stress and displacement at the interface. 

waves are reflected and refracted without 
changing type. 

If, in the solution for reflected and refracted 
waves, one inserts the condition that amplitudes de- 
crease (usually exponentially) with distance from 
the interface or from a free surface, the existence 
of elastic interface (Stoneley) waves or surface 
(Rayleigh) waves may be established. The vcloc- 


Selsmology 151 

ily is slightly less than the lowest velocity for 
shear waves near the interface or surface. See Re- 
fraction WAVES. 

Another type of surface wave is composed of P 
and S waves traveling in a layer, confined by total 
reflections at its boundaries. These waves are dis- 
persed, the frequency associated with a given phase 
velocity being determined by the conditions of con- 
structive interference between successive orders of 
reflection. Love waves arc an example in which hor- 
izontally polarized shear waves are confined be- 
tween the earth’s surface and the bottom of the 
crust. 

Seismic wave transmissions in the earth. The 

earth may be considered as a spherically symmetri- 
cal body in which elastic velocity varies as a func- 
tion of depth only. Discontinuities, such as at the 
bottom of the crust and the mantle-core interface, 
produce velocity jumps, and, in general, there is a 
gradual velocity variation between discontinuities. 
Under those rirciimstances, many different seismic 
phases ocimr. These represent waves which have 
definite paths and may have undergone conversion 
in crossing interfaces. Some of these phases are 
shown in Fig. 4. Whenever reflection or refraction 
occurs, conversion from P to S or S to P is possi- 
ble, as is shown in the once-reflected phases PP 
and PS, and in the twice-reflected PPS or SPS. Sim- 
ilar considerations hold for core reflections PfP 
and P,S, Transmission through the fluid core is 
pos.sible only for compressional waves (K), hence 
the phases PKP, PKS, and SKS occur. A phase 
traversing the inner core is PKIKP, where / repre- 
sents the compressional wave segment through the 
presumably solid inner core. 

An important feature is the shadow cast by the 
earth’s core (Fig. 4). It is a consequence of the re- 
duction in clastic velocity in the core correspond- 
ing to vanishing rigidity. The shadow zone ex- 
tends from 105® to 143°. The absence of phases 
which have traversed the core as shear waves is the 
primary evidence for a fluid core. 



Fig. 4. Paths of seismic woves in "the earth. 
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Fig. 5. Paths and travel time curves of seismic refrac- 
tions used in crustal studies. 


important wsmir wave is Pn^ which follows 
the path shown in Fig. 5. This phase is the main 
source of information about crustal thickness. 

For deep focus earthquakes, an additional fam- 
ily of phases hecomes possible, such as pP and sS, 
These are P and .S waves which have been re- 
flected from the surface in the vicinity of the epi- 
center. 

There are numerous channels within the earth 
which transmit surface waves and guided waves. In 
general, the waves are dispersed. Ltwe waves and 
Rayleigh waves are associated with the wave guide 
formed bv the continental and oceanic crust. G 
waves are long Love waves controlled bv the veloc- 
ity variation in the mantle, as is the case for mantle 
Rayleigh waves. Higher mode Love and Rayleigh 
waves exist, and these are particularly sensitive 
to velocity variations within the crust. Lg is a 
short-pet iod wave guided bv the gradual velocity in- 
crease with depth near the upper pait of the conti- 
nental crust The T phase is a short period, earth- 
quake-induced sound wave, transmitted efficiently 
across the deep ocean. Finally, normal modes of 
vibration of the earth as a whole are possible. 

The seismic body waves (P, S, and composite 
types like PS) haye predominant periods in the 
range 1-13 sec, with P and .S, respectively, at the 
short-period and long-period end of this range. 
Crustal surface waves may occur with periods in 
the range 5 50 sec and mantle surface waves have 
been observed with periods of 50-500 sec. The 
greatest mode of a free spheroidal vibration of the 
whole earth is about 53 min. 

Travel time curves. Curves and tables giving the 
travel times of the main seismic phases ab a func- 
tion of distance are available (Fig. 6). These have 
been prepared by a process of successive approxi- 
mations involving a least square adjustment of epi- 
center. focal depth, and origin time. Input data are 
the arrival times of the phases as reported by the 
several hundred seismogranh stations of the world. 
It is remarkable that nuclear explosions, where the 
origin time and location are known, have verified 
the P travel times to within 2 sec; but even this 


small discrepancy is explainable by the special 
conditions of a thin earth’s crust at the detonation 
point. Travel time curves are used routinely by 
seismologists to locate earthquake epicenter, focal 
depth, and origin time, and to infer the elastic 
properties of the earth’s interior. 

Dispersion studieb of surface waves yield data on 
phase and group velocity as a function of period. 
Experimental results for crustal and mantle Ray- 
leigh waves are shown in Fig. 7. The corresponding 
wavelengths range from 50-2000 km, so that the 
short periods are primarily influenced by velocity 
variations in the crust and subadjacent mantle, 
whereas velocities in the deeper mantle affect the 
longer waves. Mantle Rayleigh waves which have 
circled the earth up to 7 times have teen observed 
from large earthquakes. 

Determining velocity depth variations. One of 

the fundamental problems of seismology is to de 
termine the variation of elastic constants with 
depth in the earth. The travel times of seismic 
phases P and S, and the dispersion (phase and 
group velocity dependence on period) of surface 
waves have been used for this purpose. 

It follows from Snell’s law that for a given seis- 
mic ray in the earth 


r sin f Tm ^ ^ 

rT “ constant 

where r is the radius to the point where the vcloi- 
itv is F, and i is the a^itc angle between the ra- 
dius and the direction %>f the ray. At the deepest 
point reached by the ray, i = 90® ; r,„ and V,,, are 
the corresponding radius and velocity. The parame- 
ter p is obtainable as a function of distance from 
a travel time curve (r plotted against angular dis- 
tance A) from 

p = dt/dA 

It can be shown that under certain restrictions on 
its behavior, the velocity depth function may be ob- 
tained from the following relationship 



Here ro is the radius of the earth. ri and Fi are, 
respectively, the radius and velocitv correspond- 
ing to the maximum depth of penetration for the 
ray which emerges at angular distance Ai. 

In studying the earth’s crust, one may consider 
flat layers and use relationships (see Fig. 5) like 


h2 


hi 


2 \ a^ai / 


aza2 




This enables one to obtain thicknesses hi and hz of 
the layers in the crust. The velocities are obtained 
from the slopes of the corresponding travel time 
segments. In practice, explosion-generated seismic 
waves are used to obtain travel time curves perti- 
nent to studies of the earth’s crust. Earthquakes 




6. Seismic travel time eiirves. (After H. Jeftreys and K. £. Bulhn) 
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Fig. 7. Crustal and mantle Rayleigh wave group ve- 
locity curves. (After W. A4. Ewing and F. Press) 


and, more recently, nuclear explosions provide the 
seismic waves needed for study of the deeper layers 
in the earth. 

Surface waves also yield velocity-deptli informa- 
tion. The procedure is to compare experimental 
dispersion curves like those in Fig. 7 with theoreti- 
cal curves computed on the basis of assumed veloc- 
ity-depth functions. With the use of digital comput- 
ers, theoretical dispersion curves may be computed 
for a variety of assumptions. In certain problems, 
for example the delineation of the Gutenberg low- 
velocity zone at a depth of about ISO km, surface- 


wave methods may be more powerful than methods 
using P and S data. 

Seismograms. Arrival times, amplitudes, pulse 
shapes, dispersion, and direction of approach of 
seismic waves are the basic data derived from seis- 
mograms. In general, three matched seismographs 
are used to obtain records of up-down, north-south, 
and east- west motions of the ground. The charac- 
ter of a given earthquake recording depends on the 
response characteristics of the instruments; on the 
distance, focal depth, and magnitude of the earth- 
quake; and in the case of surface waves, on the 
nature of the propagation path. Seismic phases 
are identified by their sequence of arrival times, 
character, and orbital motion. For example. Love 
waves would show as a transverse hoi^zontal ground 
motion, whereas Rayleigh waves are polarized in 
the vertical plane of propagation. P waves are first 
arrivals; they are usually the shortest period waves 
on the seismogram and exhibit a longitudinal orbi- 
tal motion. In general, the larger the magnitude of 
an earthquake, the more pronounced are the long- 
period components of the spectrum. Also, selective 
absorption of shorter periods tends to increase the 
predominant periods with propagation distance. 
Typical seismograms with phases identified are 
shown in Fig. 8 for several distances. 

Internal constitution of the earth. The methods 
described earlier lead to curves and tables of elastic 
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Fig. 8. Seismograms showing typical seismic phases. 
(Prom C. F. Richter, Elementary Seismology, W. H. Free- 
man and Company, 1958) 




Fig 9 Seismic velocities and crustal structure for 
continents and oceans Italic numbers represent shear 
velocity 


as iunctioiis ol depth for the (continental 
(rust (Fig y), and foi the mantle and the core 
'Pig 10) The Mohorovirir discontinuity which 
"ejiaiales the mantle fiom the crust is e\er\ where 
piescnt Its depth is appioximately dS km under 
(onlinentdl shields and 10 km undei oiean basins. 
Phi intermediate ciustal layer is less definite. It 
has been definitely identified in many legions. In 
othei areas, it mav be present but masked because 



^*9* 10. Saitmic velocities in the mantle and core of 
earth. (After B. Gutenberg) 
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the corresponding refracted waves needed to es- 
tablish its existence do not occur as first arriving 
waves. For this reason, its depth has been indicated 
as uncertain in Fig. 9. In the California«Nevada re- 
gion, it is found about 20 km beneath the surface. 

I he elastic velocity in the oceanic crust corre- 
sponds to that found in the intermediate layer of 
the continental crust. Under regions of high to- 
pography like the Rocky Mountains, the crust may 
thicken to as much as .S0-.S5 km. If densities ap- 
ptopriate to the observed elastic velocities are as- 
signed, it is found that the weight per unit area of 
a column of rocks extending from the surface to a 
standaid depth in the mantle (say 60 km) is ap- 
proximately the same everywhere. This is a conse- 
quenc'e of a fundamental law of isostasy which gov- 
erns crustal siriicliire. It states that on a regional 
basis, the < rust is in approximate hydrostatic equi- 
librium. 

In Fig. 11 is piescnted another view of isostatic 
adpistment. In a piofile across the United Slates 
fiom Padfic to Atlantic oceans is piesenled the 
topography, the depth to the Mohorovicu dist on- 
tiniiity revealed bv variations in phase velocity 
of eaithquake-cxiited Rayleigh waves, and finally 
the variation in giavitv. Gravity deficiency under 
the mountains reflects a defu lencv of mass below, 
as would occiii when more dense mantle rocks are 
replaced 1)> less dense ro(ks oi a thickened crust. 
This relationship between seismie and gravity data 
establishes isostatic adpistment on a regional ba- 
sis. 

The elastic velocity variation in the mantle and 
cole may he used to infer something of the den- 
sity vaiiation with depth. Assuming hydrostatic 
stress for the interior, the pressure p at radius r 
satisfie the relation 


where ^ is the gravitational acceleration : 

ym 

y being the gravitational constant, and m the in- 
..riuded mass. Further assuming a homogeneous me- 
dium and adiabatic conditions, the bulk modulus 
k is 

k = p(dp/dp) = p{a^ — 

wheie a and are the P and 5 velocities given 
earlier^ These three equations lead to the Adams- 
Williamson expression 

dp ymp ^ 

dr — /3*) 

Density-depth variation is obtained by numerical 
integration with the restriction that the integrated 
density gives the observed total mass and moment 
of inertia of the earth. The variation of density and 
pressure with depth derived by^K. E. Bullen is 
shown in Fig. 12. 
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Fig. 11. Cross section of observed topogrophy^ Roy- and inferred crustol thickness from west to east across 

leigh wove phase velocity, Bouger gravity anomaly, the United States. (After W. A4. Ewing and F, Press) 


Inferences about the physical constitution of the 
interior are usually made concordant with the ob- 
served seismic velocities, the relative abundance of 
elements, the distribution of rock types at the sur- 
face, and the composition of stony and iron mete- 
orites. Under these restrictions, a reasonable hy- 
pothesis suggests that the crust is composed of 
granitic and basaltic rocks. The mantle is perido- 
tite, and the core is iron or iron-nickel alloy. The 
outer core may also contain some modified ultra- 
basic rock. An iron core so modified is also consist- 
ent with the density distribution. It is uncertain 
whether the Mohorovicic discontinuity represents a 
composition change or a phase change. The density 
variation in the mantle does not permit homogene- 
ity, that is, chemical and phase changes occur. See 
Earth interior 

Microseisms. These are background oscillations 
of the ground, unrelated to earthquakes. Although 
always present to some extent, the> often build up 
in intensity in microseism storms which may last 
from several hours to several days. Ground ampli- 



Fig. 12. Density and pressure variotion in the earth. 
(After K. 5. Bullen) 


tudes during a storm may rise to 10 /i, rarely to 
100 /j. Microseisms limit the sensitivity of seismo 
graphs. In the period range 2-10 sec, microseisms 
have their origin in energy transfer from atmos- 
pheric pressure and wind disturbances to the crust 
by a process which is particularly efficient for 
storms over the oceans. Tlie precise mechanism is 
not known. One theory asserts that standing sea 
waves induce pressure fluctuations on the sea floor 
by a second-order effeqlf. Another suggests that im 
pulsive modification of sea waves by wind gusts ini 
tiates compressional waves in the ocean. An older 
theory emphasizes the role of swell impinging on 
steep coasts. 

Microseisms in the range 2-4 sec arc usually in- 
coherent and do not propagate very far. On the 
other hand, 6-10 sec period microseisms can cross 
a continent as coherent Rayleigh waves. There have 
been suggestions that microseisms may be used to 
track severe weather disturbances. A working sys- 
tem has never been successfully established, al- 
though major efforts have been made. 

Microseisms in the period range less than 2 sec 
are usually local phenomena associated with traffic, 
factory vibrations, and wind effects on trees and 
structures. Microseisms with periods longer than 
10 sec have been observed and are being investi- 
gated. 

Seismic prospecting. This principal method of 
geophysical prospecting is based on the reflection 
and refraction oif compressional waves. The field 
procedure is to generate compressional waves with 
a near-surface explosion and to infer the depths of 
elastic interfaces by analyzing the travel times of 
reflected and refracted waves recorded by arrays 
of surface seismographs. Refraction shooting is the 
technique used for mapping a layer with a higher 
elastic velocity than the beds above it (see Fig. 5). 
The shot-detector distance must be several tinier 
greater than the depth of the layer in order that 
the waves occur among the earliest arriving events. 




Reflection shooting involves near-vertical reflec- 
tions, hence small shot-detector distances. In order 
to detect a reflection event in a background of sur- 
face waves and scattered waves, array techniques 
involving mixing of signals, filtering, automatic 
gain control, and patterns of explosions are used. 
See Terrestrial gravitation. 

Bibliography: K. E. Bullen, Introduction to the 
Theory of Seismology^ 2d ed., 1953; W. M. Ewing, 
W. S. Jardetzky, and F. Press, Elastic Waves in 
Layered Media^ 1957; C. F. Richter, Elementary 
Seismology^ 1958. 

Seisonacea 

An order of the class Rotifera which comprises a 
group of little-known marine animals. They form a 
single family with about seven species and are 
found only in Europe The Seisonacea are epizoic 
or possibly ecto parasitic on Crustacea, especially 
on members of the genus Nebalia. They have a very 
elongated jointed body with a small head; a long, 
slender neck region; a thicker, fusiform trunk; and 
dn elongated foot, terminating in a perforated disk. 


mastax 



Sefson, a rotifer. (After Plate, 1887) 

The Seisonacea differ from other rotifers in a num- 
lier of characters. They have a very reduced corona, 
quite aberrant type of mastax (fulcrate), paired 
ovaries but no vitellaiia in females, and paired 
testes in the males, Fuiiliermore, the sexes are of 
'similar size and development; only one type of egg 
t*' produced, and it requires fertilization. The Sciso- 
tidcea are also larger than other rotifers, attaining 
''i/es up to 3 mm in length. See Rotifera. [e.R-A.] 

Selachii fossils 

fossil sharks, except for the very primitive 
Hsdoselachians of the Devonian and the aberrant 
pleuracanths of the late Paleozoic, are customar- 
ily included, with existing forms, in the order Se- 
laohii (subclass Elasmobranchii). They are differ- 
rated from the cladoselachians by the presence 
of claspers and constricted rather than broad bases 
the paired fins. The most ancient suborder, the 
Hybodontoidea, flourished in the late Paleozoic 
and survived into the Mesozoic, giving rise in the 
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Jurassic to the four surviving suborders. See Clad- 
osELACHii; Elasmobranchii fossils; Hybodon- 
T01DEA ; Pleuracanthodh. 

Of the surviving suborders, the Heterodontoidea 
and Notidanoidea are rare and unimportant ex- 
cept as showing primitive characters. Close rela- 
tives of Heterodontus (Cestracion) ^ the living Port 
Jackson shark, appeared in the Late Jurassic; 
Heterodontus^ like most modern sharks, has lost 
the primitive amphistylic jaw suspension of the 
hybodonts, but retains such features of that group 
as the heterodont dentition, with sharp teeth ante- 
riorly and flattened crushing plates at the rear. Of 
the notidanoids, which retain the primitive jaw 
suspension but are not markedly primitive in other 
features, Hexanchas (Notidanus) , the cow shark, 
likewise appeared in the Jurassic, but Chlamydo- 
selache, only known representative of the other 
family of the suborder, is not known before the 
Miocene. 

Among fossil post Triassic sharks, as among liv- 
ing forms, most are included in the suborders 
(raleoidea and Squaloidea; both groups appear in 
the Jurassic and were abundant and diversified by 
the Late Cretaceous. All known fossils appear to be 
referable to families still existing, and all gener- 
ally accepted family groups are represented in the 
fossil record with the exception of the whale sharks 
(Rhincodontidae) and false cat sharks (Pseudo- 
triakidaei, the minute teeth of which have so far 
escaped discovery. Five families, the Isuridae. 
OrectoJobidae. Scylliorhinidae. Carcharhinidae and 
Sqiiatinidae, had already developed before the 
close of the Jurassic. By the Late Cretaceous, 11 
of the 17 families currently recognized were pres- 
ent, represented bv species generically indistin- 
guishable from existing types. (’a.s.r.’I 

Selaginellales 

The plant order of small club mosses, containing 
only one living genus Selaginella. Of the approxi- 
mately 700 species, most live in the tropics, al- 
though a few speiies give the genus a world-wide 
dibtributmn in moist, shady habitats. One species, 
the ‘‘resurrection plant,” Selaginella lepidophylla^ 
if tolerant of xeric (dry) conditions, reacting to 
"the absence of water by contracting into a ball- 
shaped mass which unrolls when moisture becomes 
available. A few species are cultivated for their 
ornamental value. The order, Selaginellales, has 
many characteristics of other members of the phy- 
lum Lycopsida. It differs mainly from the order 
Lycopi^iales in having two sizes of spores (hetero- 
sporous) and a special, small membranous out- 
growth called a ligule which is borne on the upper 
or adaxial base of the leaf. Th^s sex organs, anther- 
idia (male) and archegonia (female), always de- 
velop on separate gametophytes, and the sporangia 
always occur on clusters of sporophylls (spore- 
bearing leaves) collectively called strobili. Arising 
at the base of each leafless branch is a rootlike 
organ called a rhizophore which bpars adventitious 
roots at its tip (Fig. 1). See Root (botany). 



1SS Salovinalialm 



microsporophyll 



microsporongium 


microspore 


(c) 



megasporangium 

microsporophyll 


ligule 

megasporangium 

megaspore 

megasporophyll 


Fig. 1 . (o) Selaginella, or small club moss, with creep- 
ing, dichotomous stems bearing numerous, tiny leaves 
and leafless branches, or rhizophores, which produce 
roots at their tips. Cones are located at the ends of the 
leafy branches (from H. J, Fuller and O. Tippo, Col- 
lege Botany, Holt, 1949). (b) Enlarged view of strobilus 
of Selaginella (from W. W. Robbins, 7. E. Weier, C. R, 
Stocking, Botany: An Introduction to Plant Science, 
Wiley, 1950). (c) Diagram of a longitudinal section 
through a Selaginella cone, showing upper microsporo- 
phyils with microsporangia containing many small mi- 
crospores, and lower megasporophylls with megaspo- 
rangia containing 4 large megaspores (after Lyon from 
H. J. Fuller and O. Tippo, College Botany, rev. ed.. 
Holt, 1954). 


Structure. Most species of the genus are multi- 
branched. The branches may be either dichotomous 
( forked ) or monopodia), and some produce frond- 
like growths (see Filical£s). Many species are 
prostrate and creeping, whereas others are climb- 
ing and epiphytic. The stems are densely covered 


with closely appressed leaves which are arranged 
either spirally or in four rows of two alternating 
pairs. In the latter, each pair consists of a large 
and a small leaf with those on the lower, or ven- 
tral, surface being much larger than those on the 
upper, or dorsal, surface. This provides a more 
complete exposure of the leaves to sunlight. The 
ligule. which is characteristic of this order, is as- 
sociated with both the vegetative leaves and the 
mt)dified spore-bearing leaves, or sporophylls, of 
the strobili (cones). In some species the ligule soon 
withers away. Since the ligule is present in some of 
the treelike fossil forms, it may indicate a close re- 
lationship of the modern living species with a much 
larger extinct group of the Carb«iniferous (see 
(rhoKOGY; Palkontolocy). 

Depending on the species, the origin and de- 
veh>pment of the stem may be cither from a single 
apical cell or a group of cells. In maturation the 
development is usually exarch, or toward the center 
of the stem. It has been observed that in some spe- 
cies certain cells differentiate into true xylem ves- 
sels rather than iracheids, a condition usually 
found in the higher seed plants (.see Xylem ) . 
Alternation of generations. In the spomphytic 

generation, the sporophylls closely resemble the 
vegetative leaves and, in some species, are so 
loosely arranged as tf» make the strobilus incon- 
spicuous despite the fact that the presence of a 
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Fig. 2. Life cycle of Selaginella. (From E. W. Sinnotf 
and K. S. Wilson, Botany: Principles and Problems, Stb 
ed., McGraw-Hill, 1955) 
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Fig 3. Female gametophyte and embryo of Selagh 
nella (a) Sporophyte with strobilus. (b-e) Stages in 
development of the embryo sporophyte in the female 


megaspore' 

(e) 


gametophyte (After Bruchmann from W W. Robbms, 
T. E Weier, and C R Stocking, Botany An introduction 
to Plant Science, Wiley, 1950) 


stiobilus is a roinmon chararler of the (;roup 
2). Llsiidlly each sporarif^ium arises near the 
adaxidl hasp of a spurophylK hut in some species a 
''poiarif^ium mav develop from the stern m the leaf 
dxil Since the growth of the strohiliib is apical, 
different stages of development are usually pres- 
ent from the apex to the base. There aie two types 
ot sporangia, microspoiangia and megasporangia. 
In a microsporangium most of the spore mother 
lells undergo meiosis and cytokinesis and produce 
a large number of small microspores (^ec Cyto- 
KiNFsis, Mliosis). In the megasporangium, all the 
spore mother cells degenerate except one which, 
hv meiosis and cytokinesis, develops a tetrad of 
large megaspores that distend the aporangial wall. 
The two tvpes of spores (heterospores) are similar 
HI shape, but the megaspures are about 20 times 
laiger than the microspores. All have a thick, 
warty, cutinized wall. At maturity both kinds of 
sporangia split across the top and constriction of 
the unslit basal portions causes the spores to he 
«*)ected with force. This action may bring spores 
from different plants into proximity and, eventu- 
ally, with the development of gametophytes (ga- 
mete-producing plants), this may cause cross ferti- 
h^dtion. 

Because of heterospory, remarkable changes in 
the morphology and physiology of the gametophyte 
generation take place. The microspore, at first a 
uninucleate cell, develops into a male, or micro- 
gametophyte which, at maturity, consists of a small 
orothailial cell and a large antheridium, the jacket 
eellc} of which enclose 128 or 256 spermatogenous 
eells, each capable of developing into a biflagellate 
ntotile sperm. Most of this development takes place 


within the microspot ungiun These cells laik chlo 
rophyll and are paiasitic on the sporophyte. The 
megdspoie mav begin divibion Ahile it i^ still in 
the ♦etrad Starting with the uninucleate megaspore 
cell, a series of free nuc lear divisions occurs until 
the megaspore en\ elope is filled with nuclei and 
(Vtopidsm. Beginning near the ridge region of the 
megaspore, cell walls appear and eventiiallv the 
whole sijuctiire becomes cellular tissue. The mega- 
spore WcaII ruptures in the region of the ridge and 
it is here, as the megagametophyte is produced, 
that the archegonia (female sex organs) appear 
(Fig. 3). Although it is reported that some mega- 
gametophytes produce chlorophyll and develop 
functional (absorbing) rhizoids, it is probable that 
in most <'d<-es the maior part of nutrition is ob- 
tained by the megagainetfiphytes from the parent 
pjant. In some instances, both fertilization and the 
"development of the zygote (fertilized egg) may oc- 
cur on the parent sporophylic plant. Usually, how- 
ever, the two types of spores are discharged from 
the sporangia, the gametophytes develop on the 
ground, and fertilization takes place exterior to 
the parent plants. The zygote divides, one of the 
cells pAiducing an embryo, the other a suspensor 
(a chain of cells which serve to put the embryo in 
a favorable position in relation to its food supply). 
At maturity the embryo displays a feature char- 
acteristic of higher plants in that two seed leaves, 
or cotyledons, are borne on the axis above the 
hypocotyl. It is of interest that in this phase of the 
life cycle, the young sporophytes arc parasitic 
upon the megagametophyte, while later the young 
megagametophytes may be parasitic upon parent 
sporophytes. The heterosporous condition of Set- 
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aginella has long interested botanists as it impli- 
rates the evolution of seed plants. See Lycopo* 
males; Tracheophyta. [p.a.v.] 

Bibliography'. See Lycopsida. 

Selection rules (physics) 

Rules summarizing the changes that take place in 
the quantum mechanical state describing a phys- 
ical system when a transition between states 
occurs. From a given initial state of a system, a 
iiei* slate ma> be reached under the influence of an 
intei action. As in classical mechanics, certain 
(fuantities are either unchanged or are changed in 
generally specifiable wa>s during the course of the 
interaction. Classicallv, these arc “constants of the 
motion/’ which are analogous to the quantum num- 
bers characterizing the state {see Quantum num- 
BFRs). For a given interaction, the selection rules 
give the changes in the quantum numbers which 
must take place in order for the probability of a 
given transition to be nonzero. It ma> happen, how- 
e\er. that the probability vanishes for other rea- 
sons, even if the selection rule is obe>ed. Selection 
rules are an important result of the so-called con- 
servation laws; for a discussion of these, see Nti- 
(IIAR RFVfTTON; SvMMLrRY I AWS (PHYSKs). 

The electromagnetic interaction with a physical 
s>stem (atom, molecule, or nucleus) in which pho- 
tons are emitted and the system changes state is a 
case of general interest for which siclection rules 
have been Hoiked out. For nuclei and subnuclear 
particles, transitions other than electromagnetic 
ate also important. 

Examples. Consider a simple atom, such as hy- 
drogen, undergoing electromagnetic transitions. 
The stale of the system, nucleus plus electron, is 
described in teiins of the quantum numbers n, /, m, 
where n is the principal quantum number related 
to the energv of the system, / is the quantum num- 
ber foi the angular momentum of the electron, and 
m IS the magnetic quantum number, that is, the 
component of the orbital angular momentum along 
a selected diicction. The probability that a change 
of state will occ ur, accompanied by the emission oi 
absorption of a photon, is obtained quantum me- 
chanic allv bv computing the integral of the product 
of the wave functions for the initial and final states 
times the function describing the electromagnetic 
interaction. As in classical electromagnetism, the 
interaction is the pioduct of the electron momen- 
tum and the vector potential of the electromagnetic 
field. A multipole expansion of this potential is pos- 
sible. For a definition of the term “wave function” 
and related information, see Quantvm thkory, 

NONRM AIIMhlK ; SVe also QUAMUM MbCHANlCS. 

The relative importance of successive terms in 
the expansion of the vector potential depends on 
the system in question and the wavelength involved. 
For atoms and visible light, only the first term is 
important, unless the probability of a transition in- 
volving it vanishes. This is the dipole term of the 
multipole expansion, and transitions produced by 
this part of the interaction are called dipole transi- 


tions. The dipole transition probability vanishes 
unless I and m change in a specified way: 

^ ■■ (^final Anitial) ■■ il 
Am - (iWfinai - TOinitial) - 0, ztl 

This is the dipole selection rule in the one-electron 
case. Since it can be shown that the photon carries 
off one unit of angular momentum in the dipole 
case, the rule is a result of the conservation of an- 
gular momentum of the combined system, atom 
plus radiation. No selection rule exists for n; con- 
servation of energy merely demands that energy 
lost or gained by the atom equal the energy of the 
emitted or absorbed radiation, which can be of any 
amount. 

Another characteristic of the slate is its parity: 
if the wave function of the state changes sign when 
the coordinates are reflected through the oiigin, 
the parity is odd; if mil, the parity is even. For 
dipole radiation, the Laporte selection rule holds; 
dipole transitions occur only between states of op- 
posite parity. The selection rule on / aiitomaticallv 
insures that the Laporte rule is obeyed in the sim- 
ple case of hydrogen. See Parity (quanium ivir- 
I hanils). 

Atomic selection rules. In the general case, 
when several elei^rons die involved, the total an- 
gular momentum quantum number for the atom 
J and its projection Af in a suitable direction aie 
involved. For dipole radiation, one has 

A/ = 0, il (^“^0 excluded) 

AM-0,±1 (0 4 0 excluded if Ay = 0) 

The notation 0— > 0 means that no pinip can occur 
from a state with / = 0 to another state with / = 0. 

The manner in which the total angular momentum 
arises fiom the individual orbital and spin angular 
momenta of the electrons in the atom is not readiK 
predictable for a given atom. However, two extieme 
c'ases are easily conceived, and many atoms appear, 
at least approximately, to fit one or the othet. f)ne 
of these is the Russell-Saunders (or LS) coupling 
case, where J « L + S, and L *■ ^L, S = Ss,. The 
orbital and spin angular momenta of the ith electron 
are designated by L and s,, respectively, and the sum 
IS taken over all electrons. For this coupling case 

AS» 0 
AL « 0, zfcl 

are rules holding in addition to those on / and Af, and 
if a single electron is making the transition, A/t :i:l 
for this electron. The other extreme occurs when 
J - 2jt, ji » Ii + {]] coupling). In this case, L and 

S are not defined, and only the rules on / and M 
apply. In both cases, the Laporte rule holds. 

Transitions which obey these rules are called al* 
lowed transitions, while any transition which does 
not is said to be forbidden. Actually, forbidden 
transitions are rarely observed in atomic spectra, 
since the electric dipole probabilities are very 
much greater than those associated with other mul* 
tipoles in the expansion of the vector potential* 
However, if the dipole probability vanishes, evep 



though selection rules are obeyed, transitions 
caused by the magnetic dipole and electric quad- 
rupole terms are next most probable, and these 
''forbidden** transitions can be observed. The selec- 
tion rules are as follows: 

For electric quadrupolc transition, Ai ~ 0, dLl, 
±2; 0—^0, 0— >1 excluded, no parity 

change. 

For magnetic dipole transitions, Ai - 0, ±1; 

0 — > 0 excluded, no parity change. 

The magnetic dipole rule is the same, therefore, 
as for the electric dipole, except that there is no 
parity change. See Atomic. bTRur.TiiRh and sphCTRA. 

Molecular selection rules. A molecule, consist- 
ing of at least two nuclei and some attendant 
electrons, has energy leveK involving eneigv con- 
tributions arising from three types of motion: elec- 
tronic, vibrational, and rotational. The latter two 
arc peculiar to molecules, and quantum mechanical 
treatments of the rigid rotator and harmonic oscil- 
lator (which are models who^e featuies approxi- 
mate the behavior of the actual molecule) show 
that the transition probability integrals vanish un- 
less 

A/ - ±1 At; =* dbl 

foi transitions in which the electronic state of the 
rnole<*iile does not change. Here Jh '27r is the angu- 
lai inoiiientum of the rigid rotator, while v is the 
\ihrarional quantum number of an oscillator with 
energy levels at (n+ where h is Planck’s 

< nnstaiit, and r is the classical oscillation fre- 
qiieiK y. The effect of anharmonicity of the vibra- 
tion is to allow Ar ~ =t2, :^3, . . . , but with 
rapidl> decreasing intensity in the corre^^ponding 
s[ie( iiijm lines. These selection rules .suffice for the 
infrared spectra of diatomic molecules, that is, in 
pneig> regions where electronic transitions do not 
occur, unle.ss the orbiting electrons contribute to 
the total angular momentum of rotation of the 
molecule. The component of the electronic angular 
inonientum along the internuclear axis is denoted 
as (k « A/27r), and when A^O, A/ = 0, :^1. 
In the case of changes involving electronic transi- 
tions, the changes in v are governed by a set of 
rules given by the Franck-Gmdon principle. 

The bands characteristic of molecular spectra 
lesult from modifications of the electronic energy 
levels produced by vibrational and rotational mo- 
tion, and the selection rules for the vibrational 
'structure of the band are as in the infrared spectra. 
The rotational fine structure depends on the total 
sngular momentum of the system suitably com- 
posed from nuclear rotation, electronic rotation, 
and electronic spin. 

The quantum numbers for these angular momenta 
respectively, A, and 2, where 2, like A in the 
rase of electronic orbital angular momentum, is 
actually the projection on the internuclear axis of 
the electronic spin rather than the spin 5 itself. These 
angular momenta may be combined in several ways 
to form the total angular momentum /, but only two 
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of the cases defined by F. Hund will l)e mentioned 
here. 

Hund*s case (a) : A combines with 2 to make a total 
electronic angular momentum projection 0 on the 
internuclear axis. The nuclear rotational angular 
momentum N combines with it to make J. The total 
angular momentum then takes on values 

/ =» Q, -f- 1, Q 2, . . . 

Hund’s case (b): A combines with N to form 
while the spin S combines with K to form J, Thus, K 
has values K A, A -h 1, . . . and J ^ K S, 
A-f-5 — 1, . . . |A — 5|. The molecular selection 
rules coneern these ifuantum numliers. 

In addition to angular momentum selection rules, 
lliere are symmetry selection rules. 'Fhe symmetries 
ol a molecular state are many. A state has negative 
(— ) or positive (*h) symmetry depending on whether 
Its wave function does or does not change sign on re- 
flection of the electrons through a plane perpendicu- 
lar to the internuclear axis, that is, the line joining 
the nuclei of the molecule. If the nuclei have the 
same charge, the state is even {j^erade or fi) or odd 
(ungvrade or u) ac(‘ording as the wave function does 
not or does change sign on reflection of all axes. If 
the molecule is hoinonucleai, that is, has identical 
nuclei, its states are untis^mmetru* (o) or syuinietrir 
(s) according as the wave fiiiiciion does or does not 
change sign under interchange of niiidiM. 

'Fhe selection rules for the rotational-vilirational 
electronic spectra may now be written down foi dipole 
transiMonv: 

1. (Jcncral: 

A/ =*- 0, tl (0 — ♦ 0 forbidden) 

but H — ► -f- or ^ - forbidden 

Where they apply: 

^ M, hut g - ► g cii u u forbidden 
s 5, » «, but 5 - ♦ flr forbidden 

2. For either case (a) or (h ) : 

AA - 0, 4=1 
AS « 0 

3. Foi ase (a) only: 

A2* 0 
An * 0, =bl 

4. For case (b) only : 

AK a* 0, ±1 except AK * 0 forbidden 

if both states have A « 0. Molecular structure 
AND spectra. 

Nuclear selection rules. For electromagnetic 
transitions, nuclear selection rules are the same as 
for atoms, although only the -rules on the total an- 
gular momentum, called /, are of practical interest. 
There is a difference, however, in the relative im- 
portance of the forbidden transitions. In the nu- 
clear case, the forbidden transitions play a much 
more important role. It is worthwhile to indicate 
the selection rules for higher multipoles than those 
indicated for atoms. If the order of the pole is 
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2 ^ ; that is, / «: 1 for dipole, 2 for quadrupole, and 
so on, then the selection rules can be written, 
A/ « d=/, dt (/ — 1), . . . , 0; 0—^0 excluded. 
The parity rules can be generalized for the higher 
multipoles as follows. If a change in parity be- 
tween initial and final states is represented by 
+1 or “yes,” and no change by —1 or *‘no,** then 
the parity change must be 

( — • 1 ) ' for electric 2^ pole radiation 
( — 1 ) / a foi- magnetic 2' pole radiation 

When nuclear particles (protons, neutrons, o- 
particles) are emitted, the selection rules are again 
consequences of conservation of angular momen- 
tum. and must he worked out taking into account 
the orbital angular momentum and spin of the 
emitted particle. See Nuclear structure. 

A new quantum number can be defined for nu- 
clei: it is the isotopic spin, where the nuclear 
chaige Q is related to the z-component of isotopic 
spin T\ bv 

Here 4 is the nuclear mass number, and e is nu- 
meiicalh equal to the electronic charge (see Iso- 
topu SPIN). The assignment of the value of the 
total isotopic spin T for a given nii<‘leus is a mat- 
ter of interpretation of experimental results. Ob- 
viously T^Tu In nuclear reactions, charge con- 
seivation is expressible in the selection rule 

Theie is a large amount of evidence that the rule 
AT- 0 

is also oheved, that is. that nuclear forces are 
charge independent. 

Beta-decay selection rules. The physical prin- 
ciples involved in fi decay selection rules arc simi- 
lar to those operating in the case of electromag- 
netic transitions. Thus angular momentum is 
conserved, and while parity is not conserved in the 
total state fof nucleon, electron, neutrino), there is 
no effect <)f this on the states of the nuclei them- 
selves The interaction is different, of course, and 
the vector p(»tential of the electromagnetic case 
must be repla<‘ed by an interaction characteristic 
of the electron-neutrino field. For an extended dis- 
cussion of j8-decay, see Radioactivity; see also 
Neutrino. 

The electron and antineutrino (or positron and 
neutrino) each have intrinsic spin Vi in units of 
fi, and so can yield a combined spin angular mo- 
mentum of 0 or 1 (singlet or triplet emission). The 
most probable, or allowed, emissions occur with 
the light particles having zero orbital angular mo- 
mentum, so that there must be no parity change 
between the states of parent and daughter nuclei. 
iThe lack of parity conservation affects the behav- 
ior of electron and neutrino with respect to each 
other, but does not change the nuclear selection 
rule.) These statements can be expressed as selec- 
tion rules, where the singlet and triplet cases are 


described, respectively, by the Fermi and Camow- 
Teller selection rules, named after the physicists 
(E. Fermi, G. Gamow, E. Teller) who suggested 
the types of interaction leading to them. 

Fermi rule: 

Al ^ 0 no parity change 
Gamow-Teller rule: 

A/ = 0, d=l no parity change (0— > 0 excluded) 

In the case of jS-decay, the interaction is not cer- 
tain, as in the case of electromagnetic transitions; 
and for a given emitter, whether either or both of 
these rules is obeyed is a matter for experimental 
investigation. 

If the electron and antineutrino are emitted with 
orbital angular momentum /, the transition is said 
to be forbidden of the /th order. This corresponds 
to the electromagnetic case for quadrupole, octu- 
pole, and higher-order radiation. In the ca.se of the 
Feimi interaction, the selection rule is 

A/ “ i/, rtf/ - 1), . . . parity change (—1)* 
wheieas for the (iamow-Teller interaction 

A/«±(Z+1), ±/, =b(Z- 1), . . . 

parity change (—1)^ (0 — ► 0 excluded) 

Since the nuclear charge changes in )8-decdy, the 
z-component of isotopic spin also changes. The 
Fermi and (iamow-Teller interactions have differ- 
ent selection rules for^e total isotopic spin. Thus 

AT =* 0 (Fermi) 

AT = 0, i:l (Gamow-Teller) 

The rules stated are for noiirelativistic treatment 
of the interactions. Since the neutrino is always 
relativistic (like the photon or electromagnetic 
quantum, it is supposed to have zero rest mass), 
this can only be an approximation. Of the five pos- 
sible relativistic interactions, only two are now 
thought to opeiatc in nature for )8-decay, because 
of the parity violation experiments and their inter- 
pretation. These lead, in the nonrelativistic limit, 
to the Fermi and (^amow-Teller selection rules. 
When the relativistic effects are considered, selec- 
tion rules in the same order Z are found to be just 
those already noted except for parity change: in 
the first-order relativistic correction, the change i& 
opposite to that in the nonrelativistic limit. The 
similarity to the electromagnetic case when elec- 
tric and magnetic multi poles of the same order are 
compared will be noted. Also, the relativistic tran- 
sitions are less probable than the nonrelativistic. 
just as magnetic multipole transitions are less 
probable than electric multipole transitions of the 
same order. See Multipole radiation. 

Hyperon selection rules. For particles assumed 
to be “elementary” which exceed the nucleon in 
mass, it is profitable to define a quantum number 
called “strangeness” which is conserved in hyperon 
decays. For a consistent discussion of these parti- 
cles along with nuclei and light particles, it is also 
useful to introduce a nucleon (or b/tryon) number 



and a lepton number. A discussion of these matters 
f:iven elsewhere. See Hyperon; Meson; Sym- 
metry LAWS (physics). 

Tm. If. hull] 
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Selectivity 

I’lic ability of a radio receiver to separate a desired 
signal frequency from other signal frequencies, 
some of which may differ only slightly from the 
desired value. Selectivity is achieved by using 
tuned circuits that are shaiply peaked and by in- 
creasing the number of tuned circuits. With a 
'■harpK-pedked circuit, the output voltage falls off 
lafudlv for frequencies inc reasinglv lower oi higher 
than that to which the ciicuit is tuned. .See Radio 
RKIIMR. [j. 1VI\RKI1S*1 

Selenium 

Clieiiiic al element numbei 34, sedenium, Se, has a 
(lieinical atomic weight of 78.96. The approximate 
t)ei cent abundances of the stable isotopes in nat 
iiial selenium aie Se"*, 0.87^ J ; Se"*’. 9.02^< : 
Se , 7.58';; Se"\ 23.52 : Se^'\ 49.82^^: and 
Se , 9.19';. The element was first isedated by 
Ions J Berzelius in 1817. 
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Natural occurrence. Selenium makes up ap- 
proximately 10 **9^ ^>f the earth’s igneous rock. It 
occurs as the free element in Mexico, California, 
and Japan and as selenides in Europe, Mexico, and 
Argentina. The important minerals are berzelianite, 
CujSe; tiemannite, HgSe; and naumannite, Ag 2 Se. 
Others are crookesite, (Cu,Tl,Ag) 2 Se; eucairite, 
(Ag,Cu) 2 Se; and zorgite, a double helcnide of 
< upper and lead containing some iron and sil- 
ver. Selenium sometimes occurs in conjunction 
'vith sulfur deposits and in the boil of the dry 
plains of the midwestern United States, where it 
is sometimes absorbed by plants, thereby making 
the herbage poisonous to grazing animals. Selenium 
also occurs with many sulfide ores, and often can 
be recovered from flue dusts obtained during the 
roasting of these ores. In addition, the lead cham- 
ber sludge from sulfuric acid manufacture is often 
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rich in selenium, as is the anode mud obtained dur- 
ing the electrolytic refining of copper. 

Preparation of the element. The extraction of 
selenium is usually carried out by the digestion of 
selenium-containing materials with hot sulfuric 
acid to form selenium dioxide, SeOa, which is then 
purified by sublimation or by crystallization as se- 
lenious acid, HoSeO*. The latter can be reduced by 
sulfur dioxide in aqueous solution to free selenium: 

HjSeO » -f 2 .SO 2 + H 2 O -> Se + 2 H 2 SO 4 

Properties of the element. There aie three im- 
poitant allotropic modifications of selenium. Mono- 
clink selenium (red selenium), of which there are 
two cr>stdlline foims, a and j8, can be obtained by 
cryslalli/ing selenium from a carbon disulfide so- 
lution of the clement; monoclinic belenium melts 
at 144°C and has a specific gravity of 4.42: this 
form is metasidble and tiansforms to gray sele- 
nium. 

Metallic selenium (gray selenium) exists in tiyo 
foitns, A and B. B is the stable form, having a 
melting point of 220.2®C and a specific gravity of 
4 82. Both forms are s|ightl> soluble in carbon di- 
sulfide and are poor conductors of eleftiicit>; the 
elecliical coiidin tivity of the gray form is increased 
up to d thousandfold on exposure to light, the 
most effective wavelength being 7000 A. 

Amorphous selenium exists in thiee important 
foims; vitreous selenium, red amorphous selenium, 
and colloidal selenium Vitreous selenium can be 
obtained b> (fuenching molten selenium with cold 
watei ; it is a dark material (sp gr 4.28) which 
sf>ftens at 50°C, (hanges to the metallic form be- 
tween 60 and and is fairly soluble in carbon 

disulfide. Red amoiphous selenium is formed by 
precipnation with sulfur dioxide of selenious acid 
solutions, and is soluble in carbon disulfide and 
selenium oxychloride. Colloidal selenium is a red 
sol which can be formed by mixing dilute solutions 
of selenious and sulfurous acids. 

The boiling point of selenium is 684.8®C. The 
moleiular weight in carbon disulfide, liquid phos- 
phorus or liquid sulfur solutions corresponds to 
Sck; at the molecular weight of the vapor 

corresponds to Scj. and at 2000® C, it corresponds 
to Se (the configuration of the Ses molecule is a 
puckered ling, similar to that of sulfur) . 

Uses. The uses of elemental selenium are pri- 
marily in photoelectric cells, which take advantage 
of the fact that the electiieal conductivity of 
the element is approximately proportional to the 
square root of the intensity of light falling upon 
it. Selenium is also used to give glasses a reddish 
color, in the preparation of photographic toning 
baths, in the vulcanization of rubber, to clarify 
glasses made green by the presence of iron com- 
pounds, in the production of certain steels, in the 
manufacture of selenium rectifiers, and in the pro- 
duction of certain petroleum-cracking catalysts. Se- 
lenium compounds are extremely poisonous. See 
Photovoltaic cell; Semiconductor REfTiriER. 

Selenium burns in air with a hlue flame to pro- 
duce selenium dioxide. The element also reacts di- 


164 S^lmiym 


rectly with many metals and nonmetals, including 
hydrogen and the halogens. Selenium is not at- 
tacked by nonoxidizing acids, but dissolves in 
concentrated sulfuric acid, caustic alkalies, and 
nitric acid. 

Principal compounds. Hydrogen selenide 
(H 2 Se) is the only important compound contain- 
ing only hydrogen and selenium. It is a colorless 
inflammable gas with an offensive odor and is more 
toxic than hydrogen sulfide. It has a melting point 
of — 66®C and a boiling point of — 41.5®C. Its 
specific gravity at its boiling point is 2.004 (liquid) 
and the molecule has an angular configuration with 
the Se — H distance being 1.6 A. ft forms a hydrate, 
H2Se-xH‘20, which melts above 30®C. The com- 
pound can be formed by heating selenium in hy- 
drogen, by heating iron filings with selenium to 
form ferrous selenide which gives hvdrogen sele- 
nide on treatment with acid, or by the hydrolysis 
of aluminum selenide: 

AlaSe, ^ 2Al(OH)a + SHaSe 

The compound is less stable toward heat than the 
sulfide and gives a weakly acidic solution in water 
which can precipitate the selenides of many metal 
ions. Two series of selenides, acid selenides, 
M*HSe, and normal selenides, Ma^Se, are known. 
Normal alkali and alkaline-earth selenides in aque- 
ous solution dissolve selenium to form polysele- 
nides, Mo'Se/, in a manner similar to the formation 
of polysulfides. Most of the heavy metal selenides 
are only very slightly soluble in water. 

Halogen compounds. Selenium monochloride, 
SeaCla. is a reddish-brown liquid, melting at 
— 85®C, boiling at 130°C with decomposition, and 
having a specific gravity of 2.9. It is formed from 
the elements and decomposes in water as follows: 

2Se2Cl2 + HjSeO, + 3Se + 4HC1 

Selenium tetrachloride, ScClj, is a yellowish-white 
solid of cubic structure, which sublimes at 180°C 
and melts at 30S°C; it is formed by the action of 
excess chlorine on selenium or by the action of 
PCI 5 on Se02, and it decomposes in water to give 
selenious acid and hydrogen chloride; it can form 
salts of Ho.SeClii. Selenium inonobromide, Se 2 Br 2 , 
is a dark red liquid melting at — 46®C, boiling at 
227®C with decomposition, and having a specific 
gravity of 3.6; it is formed from the elements. Se- 
lenium tetrabromide, ScBr 4 . is an orange-red solid, 
melting with decomposition at 74®C, which is also 
formed from the elements and which <‘an form the 
acid H 2 SeBr«, and its salts. Selenium hexafluoride, 
SeF«. is a colorless gas melting at — 39®C and 
boiling at —34.5®C. Selenium tetrafluoride, SeF^, 
is u colorless liquid melting at —13.2^0 and boil- 
ing at 93®C. Selenium oxychloride, ScOCk, is a 
yellow liquid melting at 8.5°C. boiling at 176.4®C 
with decomposition, and having a specific gravity 
of 2.42 at 22®C; it is formed by the partial hy- 
dnilysis of the tetrachloride: 

SeCl, -f SeOCl 2 + 2HC1 

Selenium oxybromide, SeOBr 2 , is a reddish-yellow 


solid melting at 41.6*’C and boiling at 217°C with 
decomposition. Selenium oxyfluoride, SeOF 2 , is a 
colorless liquid melting at 4.6 ’’C, boiling at 
124^ C, and having a specific gravity of 2.67. The 
oxybromide is formed by treatment of the oxy- 
chloride with sodium bromide, and the oxyfluoride 
is formed from the oxychloride and silver fluoride. 
The oxyfluoride readily decomposes glass to give 
SiFi. 

Oxides. The important oxides of selenium are 
the dioxide, SeOs, and the trioxide, SeOa. The 
dioxide melts at 345^C, sublimes at 31S°C, and has 
a specific gravity of 3.95. The crystal contains 
chains of alternating selenium and oxygen atoms 
in a tetrahedral-like orientation, wijth the Se — 0 
distance being 1.73 A. It is formed from the ele- 
ments and reacts with water to give selenious acid. 
The trioxide is a white, deliquescent solid formed 
by passing oxygen and selenium vapor through a 
glow discharge at reduced pressures. It melts at 
118®C and decomposes to SeO^ above 180°C. It 
has two crystalline modifications corresponding to 
the cubic and asbestoslike forms of sulfur trioxide. 
It reacts vigorously with water to form selenic acid. 

Oxy acids. The important oxy ac’ids of selenium 
are selenious acid, H^SiOt, and selenic acid, 
H 2 SeOt. Selenious acid can be formed as water- 
soluble, hexagonal prisms by evaporation of an 
aqueous solution of Se02. It forms both acid sel- 
enites (KHSe0.i) and normal selenites (K 2 SeOi) 
upon treatment with bases, as well as superacids, 
such as KHi(SeOt) 2 yand heteropolyacids with 
vanadium, uranium, and molybdenum oxides. Se- 
lenic acid is produced by the reaction of the tri- 
oxide with water, by the oxidation of selenious 
acid with permanganate or electrically, and by 
certain special reactions such as the oxidation of 
selenium in water by chlorine: 

Se -f- 4H*jO “f- 3 CI 2 H 2 Se 04 -f" 6HC1 

The pure acid melts at 58®C and forms hydrates 
with one and four water molecule**. The concen- 
trated acid is a strong oxidant which chars organic 
matter and dissolves copper and gold to give 
CuSe 04 and Au 2 (SeOi)s, respectively. The dilute 
acid dissolves zinc to give hydrogen, but not iron, 
which becomes coated with a thin protective layer 
of selenium. The acid resembles sulfuric acid in 
many of its chemical properties, and correspond- 
ingly, selenates resemble sulfates. For example, 
calcium seienate forms a hemihydrate, (CaSe 04 ) 2 * 
H20, which is similar to plaster of paris. Barium 
seienate and lead seienate are only slightly soluble 
in water, and double salts are formed by certain 
heavy metal selenates with alkali metal selenates. 

Nitride, Selenium nitride, Se 4 N 4 , having a struc- 
ture similar to that of S4N4 can be formed by 
passing dry ammonia into a benzene solution of 
selenium oxychloride or by the action of liquid 
ammonia on selenium tetrabromide in CS 2 . 

Mixed compounds. Mixed oxides of sulfur and 
selenium can be prepared by dissolving the free 
element of one in the acid or oxide of the other 
(for example, blue S^SeOs, green Sel^SOs). Carbon 



belenides, such as carbon oxyselenide, (>=-C=Se, 
oan be prepared by heating selenium in dry carbon 
monoxide. It is monomeric, melts at — 122.2® C, 
boils at — 20®C, is colorless, has a foul odor, and 
IS stable in the cold. Carbon sulfoselenide, 
S'- 0=^Se, can be prepared from carbon disulfide 
and hot ferrous selenide. It is a yellow liquid 
which boils at 84®C, melts at — 85®C, is a strong 
lacrimator, and is decomposed by light. Carbon 
diselenide, Se=-=C-=Se, is readily obtained by the 
action of methylene dichloride on hot selenium. It 
IS a yellow liquid which boils at 124®C, melts at 
— 4S.5®C, does not burn in air, and is slowly de* 
< omposed by light. 

Organic compounds. The important organic sele- 
nium compounds are summarized in the table. 


Organic selenium compounds 
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Sulfur; Tellurium. fs-K.] 
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Semaeostomeae 

An order of the class Scyphozoa including most of 
the common medusae, such as Aurelia aurita. The 
umbrella of these medusae is more flat than high 
and is usually domelike. The margin of the um- 
brella is divided into many lappets Sensory organs 
are situated between the lappets. The tentacles 
arise between the lappets in Pelagia, on the exum- 
brella in Aurelia, and on the subumbrella in 
Cyanea They arc generally well developed and very 
long except in a few forms such as Aurelia. The 
oral arms are well developed and either curtain- 



Semaeostomeoe, Pelagia {From L Hyman, The Inverte- 
brates, vol 1, McGraw-Hill, 1940) 

like, in Cyanea, or leaflike, in Aurelia. The stom- 
ach IS cruciform and several radial pockets or many 
radial canals which arc sometimes connected with 
each other to form a network issue from it. The life 
history d this group shows the typical alternation 
of generations, with forms passing through the 
''stages of planula, scyphopolyp, strobila, and ephyra 
{see Metallnesis). The Semaeostomeae are dis- 
tributed mostly in temperate zones and are gener- 
ally coastal forms with a few exceptions such as 
Pelagia and Sanderia. Some of them, such as Dac- 
tylometra and Sanderia, are known to have violent 
poison on their tentacles. This poison is not only 
harmful to the skin but also to the nerves, which 
it paralyzes temporarily. Cyanea is used as bait in 
fishing. Several fossils of this group were found in 
the strata of the Jurassic period. See Scyphozoa. 

It.u.] 

Semiconductor 

A solid crystalline material whose electrical con- 
ductivity is intermediate between that of a metal 
and an insulator. Semicondoctoirs exhibit conduc- 
tion properties that may be temperature-depend- 
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ent, permitting their use as thermistors (tempera- 
ture dependent resistors) or voltage-dependent as 
in varistors. If the electrical connections to the 
semiconductor are nonohmic, then over-all non- 
linear voltage-current characteristics are obtained 
and the device may become, for example, a diode 
rectifier. Semiconductor devices called transistors 
exhibit amplification properties and are rapidly re- 
placing vacuum tubes in selected applications. See 
Diode, semi conduc r or ; Semicondi ctor rfcti- 
FiER; Thermistor; Transistor; Varistor; see 
also Cryosar; Photos LtcTRif devicfs. 

CONDUCTION IN SEMICONDUCTORS 

The electrical conductivitv of semiconduc’tors 
ranges from about 10* to 10 ** c>hm ^ cm \ as com- 
pared with a maximum conductivitv of 10^ for 
good f'onductors and a minimum conductivitv of 
10“*^ ohm"^ cm ’ for good insulators. .See EiK- 
TRICAL (ONDPCIIVITY 0> MFTALS; INSULATOR, 

FI FCTRIC. 

The electric current is iisuallv due onlv to the 
motion of electrons, although under some condi- 
tions, such as \erv high temperatures, the motion 
of ions mav be important (see Ionh (RYSIais). 
The basic distinctiem between conduction in metals 
and in semit'onductors is made by c’onsidering the 
encrg\ bands o<*cupied bv the conduction elec*trons. 

A crvstalline solid consists of a large number of 
atoms brought t<igether into a regular array called 
a crystal lattice. The electrons of an atom can each 
have certain energies, so-called energv levels, as 
predicted b\ cfuantum theory. Because the atoms 
of the civstal are in c'lose proximitv, the electron 
orbits arfiund different atoms overlap to some ex- 
tent and the electrons interact with each other; 
consequently the sharp, well-separated energv lev- 
els of the individual electrons actually spread out 
into energy hands. Each energy band is a quasi- 
continuoiis group of closely spaced energy levels, 
.SVe Band thfory oi soi ids 

At absolute zero temperature, the electrons oc- 
cupy the lowest possible energv levels, with the re- 
striction that at mc»st two electrons may be in the 
same energv level. In semiconductors and insula- 
tors, there are just enough electrons to fill com- 
pletely a number of energv bands, leaving the rest 
of the energv bands empty. The highest filled en- 
ergv band is called the valence band. The next 
higher band, which is empty at absolute zero tem- 
peratuie. is called the conduction band. The con- 
duction band is separated from the valence band 
by an energy gap which is an important character- 
istic of the semiconductor. In metals, the highest 
energy hand that is occupied by the electrons is 
onlv partially filled. This condition exists either 
because the number of electrons is not just right 
to fill an integral number of energv bands or be- 
cause the highest occupied energv band overlaps 
the next higher band wiihout an intervening en- 
ergy gap- Tlie electrons in a partially filled band 
may acquire a small amount of energy from an ap- 
plied electric field by going to the higher levels in 


the same band. The electrons are accelerated in a 
direction opposite to the Held and thereby consti- 
tute an electric current. In semiconductors and in- 
siilators, the electrons are found only in completely 
filled bands, at low temperatures. In order to in- 
crease the energy of the electrons, it is necessary 
to raise electrons from the valence band to the 
conduction band across the energy gap. The elec- 
tric fields normally encountered are not large 
enough to accomplish this with appreciable prob- 
ability. At sufficiently high temperatures, depend- 
ing on the magnitude of the energy gap, a signifi- 
cant number of valence electrons gain enough 
energv thermally to be raised to the conduction 
band. These electrons in an unfilled bgnd can easily 
participate in conduction. Furthermore, there is 
now a corresponding number of vacancies in I he 
eleition population of the valence band. These va- 
cancies, or holes as they are called, have the effect 
of carriers of positive c’harge, by means of which 
the valence band makes a ccmtribution to the con- 
duction of the crystal. See Hoi fs in soi ids. 

The type of charge carrier, electron or hole, that 
is in largest concentration in a inateiial is some- 
times called the majority carrier and the type in 
smallest concentration the minority carrier The 
majoiity cairieis aie primarily responsible foi the 
conductifm propeities of the mateiial. Although 
the miiioiity earners plav a minoi role in electrical 
conductivity, they can be of great importance in 
rectification and transistor actions in a semic'on- 
ductor / 

Electron distribution. The piobability f for an 
eneigv level E to be occupied bv an electron is 
given b> the Fermi-Dirac distribution function 
( see Ffrmi-Dirac statistics) : 

where /r is the Boltzmann constant and T is the 
absolute temperature. The parameter IT is the 
Fermi energy level; an energv level at If' has a 
probability of Vj to be occupied by an electron 
The Fermi level is detei mined bv the distribution 
of energy levels and the total number of electrons. 

In a semiconductor, the number of conduction 
electrons is normally small compared with the 
number of energy levels in the conduction band, 
and the probability for any energy level to be oc- 
cupied is small. Under such a condition, the con- 
centration of conduction electrons is given by 

/v, - (2xin„A7’)*'® exp 

where h is Planck’s constant, Ec is the lowest en- 
ergy of the conduction band, and mn is called the 
effective mass of conduction electrons. The effec- 
tive mass is used in place of the actual mass to 
correct the coefficient in the equation and to bring 
the results in line with experimental observations. 
This correction is necessary because the theory 
leading to these equations is based upon electrons 
moving in a field free space, which is not the exact 



picture. The electrostatic Omlomb potential 
throughout the crystal is varying in a periodic man- 
the variation being due to the electric fields 
about the atomic renters. The concentration of 
holes in the valence band is given by 

ATp - (2,rmp*rD*« exp ~ 

%vherf /»p is the effective mass of a hole and is 
the highest energy of the valence band. 

Mobility of carriers. The velocity acquired by 
charge carriers per unit strength of applied elec- 
tiic field is called the mobility of the carriers The 
velocitv in question is the so-called drift velocity 
in the direction of the force exerted on the carriers 
li\ the applied field. It is added to the random ther- 
mal velocitv. In sfmicondiictors the carrier mobil- 
ilv normally ranges from 10'-’ to 10"* cm*V(sec) 
(volt). \ materiars conductivity is the product of 
the chaige. the mobility, and the carrier concen- 
tration. 

Klectnms in a perfectly periodic potential field 
he acceleiuted freely. Impurities. phvsi<‘al de- 
fects in the stTiu’tnre, and thermal vibrations of the 
atoms disturb the periodicity <if the potential field 
in the crvstal, theiebv scattering the moving <ar- 
neis. It is the lesistante produced bv this seatter- 
ina that limits the cai tiers to onlv a drift velocitv 
under the steady force of an applied field. 

Intrinsic semiconductors. A semiconductor in 
>\hi(h the concentration of chaige carriers is char- 
lUlenstic of the material itself rather than oi the 
fuitent of impurities and structural dcfeils of the 
custal is called an intrinsic semiconductor. Klee- 
trons in the conduction hand and holes in the val- 
emc band Jre <Tealcd bv thermal excitation of 
cle< trons from the valence lo the conduction band. 
Thus an intrinsic semiconductor has equal concen- 
tratifuis of electrons and holes. The intrinsic lar- 
iier concentration, A^„ is determined by 

yv, - ^ exp 

where En is the energy gap. The carrier concentra- 
•lon, and hence the conductivity, is very sensitive to 
temperature and depends strongly on the energy 
gap. The energy gap ranges from a fraction of 1 ev 
to several electron volts. A material must have a 
large energy gap to be an insulator. 

Impurity semiconductors. Typical semiconduc- 
tor crystals such as germanium and silicon are 
formed by an ordered bonding of the individual 
atoms to form the crystal structure. The lM)nding 
is attributed to the valence electrons which pair up 
with valence electrons of adjacent atoms to form 
so-called shared pair or covalent bonds. These ma- 
terials arc all of the quadrivalent type, that is, each 
atom contains four valence electrons, all of which 
are used in forming the crystal bonds. See Cry-stal 
‘^rmicTURK. 

Atoms having a valence of 3+ or 5+ can be 
added to a pure or intrinsic semiconductor mate- 
rial with the result that the 3+ atoms will give rise 
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to an unsatisfied bond with one oi the valence elec- 
trons of the semiconductor atoms, and 5+ atoms 
will result in an extra or free electron that is not 
required in the bond structure. Electrically, the 
3+ impurities add holes and the 5-f impurities 
add elertrons. They are called acceptor and donor 
impurities, respectively. Typical valence 3+ im- 
purities used are boron, aluminum, indium, and 
gallium. Valence 5-|- impurities used are arsenic, 
antimony, and phosphorus. 

Semiconductor material “doped,” or “poisoned,” 
hy valence 3+ acceptor impurities ih termed 
p-type, wheieas material doped by valence S-f 
donor material is termed n-tvpe. The names are 
derived from the fact that the holes introduced are 
considered to carry positive charges and the elec- 
tions negative charges. The number of electrons in 
the energy bands of the ^Tvstal is increased by the 
presence of donor impurities and decreased by the 
presence of acceptor impurities. Let N be the con- 
centration of elections in the conduction band and 
let P he the hole concentration in the valence hand. 
For a given semiconductor, the relation NP « Nr 
holds, independent of the presence of impurities. 
The effect of donor im purities tends to make N 
larger than P, since the extra electrons given hy 
the donors i\ill be found in the rondintion band 
even in the absence of any hides in the valence 
hand. Acceptor impurities have the opposite effect, 
making P larger than N. See ArcECTOR atom; 
Donor atom. 

At siifficientlv high temperatures, the intrinsic 
t'arrier i onccntralion becomes so large that the 
effect of a fixed amount of impuiitv atoms in the 
crystal is comparatively small and the semiconduc- 
tor becomes intrinsic. When the carrier concentra- 
tion is oiedominantlv determined h\ the impurity 
content, the coridiictioii of the material is «.aid to 
he extrinsic. There ma\ he a range of temperature 
within which the impurity atoms in the material 
are practically all ionized, that is, they supph a 
maximum number of cairiers. Within this tempera- 
ture range, the so-cdlL’d exhaustion range, the car- 
liei coi.'N Miration remains nearly constant. At suf- 
ficiently low temperatures, the electrons or holes 
^lat are supplied by the impurities become bound 
'to the impurity atoms. The concentration of con- 
duction carriers will then decicase rapidly with 
decreasing temperature, according to either exp 
{— £, /kT) or exp ( - E, /2kT) where E, is the ioni- 
zation energy of the dominant impurity. 

Physical defects in the crystal structure may 
have similar effects as donor or acceptor impuri- 
ties. They can also give rise to extrinsic conductiv- 
ity. 

Hall affect. Whether a given sample of semi- 
conductor material is n- or p-type can be deter- 
mined by observing the Hall effect. If an electric 
current is caused to flow through a sample of semi- 
conductor material and a magnetic field is applied 
in a direction perpendicular to tbe current, the 
charge carriers arc crowded to onje side of the sam- 
ple, giving rise to an electric field perpendicular to 
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both the current and the magnetic field. This de- 
velopment of a transverse electric field is known as 
the Hall effect. Hie field is directed in one or the 
opposite direction depending on the sign of the 
charge of the carrier. See Hall effect. 

The magnitude of the Hall effect gives an esti- 
mate of the carrier concentration. The ratio of the 
transverse electric field strength to the product of 
the current and the magnetic field strength is 
called the Hall coefficient, and its magnitude is in- 
versely proportional to the carrier concentration. 
The coefficient of proportionality involves a factor 
which depends on the energy distribution of the 
carriers and the way in which the carriers are scat- 
tered in their motion. However, the value of this 
factor normally does not differ from unity by more 
than a factor of two. The situation is more compli- 
cated when more than one type of carrier is im- 
portant for the conduction. The Hall coefficient 
then depends on the concentrations of the various 
types of carriers and their relative mobilities. 

The product of the Hall coefficient and the con- 
ductivity is proportional to the mobility of the car- 
riers when one type of carrier is dominant. The 
proportionality involves the same factor which is 
contained in the relationship between the Hall co- 
efficient and the carrier concentration. The value 
obtained bv taking this factor to be unity is re- 
ferred to as the Hall mobility. 

MATERIALS AND THEIR PREPARATION 

Elsmental semiconductors. The group of chem- 
ical elements which are semiconductors includes 
germanium, silicon, gray (crystalline) tin, sele- 
nium, tellurium, and boron. Germanium, silicon, 
and gray tin belong to group IV of the periodic 
table and have crystal structures similar to that of 
diamond, (rermanium and silicon are two of the 
best known semiconductors. They are used exten- 
sively in devices such as rectifiers and transistors. 
Grav tin is a form of tin which is stable below 
13^C. White tin, which is stable at higher tempera- 
tures. is metallic. Gray tin has a small energy gap 
and a rather large intrinsic conductivity, about 
5 X 10"* ohm ^ cm ^ at room temperature. The 
n-type and p-type gray tins can be obtained by 
adding aluminum and antimony, respectively. 

Selenium and tellurium both have a similar 
structure, consisting of spiral chains located at the 
corners and centers of hexagons. The structure 
gives rise to anisotropy of the properties of single 
crystals; for example, the electrical resistivity of 
tellurium along the direction of the chains is about 
one-half the resistivity perpendicular to this direc- 
tion. Selenium has been widely used for making 
rectifiers and photocells. 

Semiconducting compounds. A large number 
of compounds are known to be semiconductors. 
Copper (I) oxide (Cu^O) and mercury (II) indium 
telluride (HgInoTet) are examples of binary and 
ternary compounds. The series zinc sulfide (ZnS), 
zinc selenide (ZnSe). zinc telluride (ZnTe), and 
the series zinc selenide (ZnSe). cadmium selenide 


(CdSe), and mercury(II) selenide (HgSe) are ex- 
amples of binary compounds consisting of a given 
element in combinations with various elements of 
another column in the periodic table. The series 
magnesium antimonide (Mg 2 Sb 2 ), magnesium 
telluride (MgTe), and magnesium iodide (Mgl 2 ) 
is an example of compounds formed by a given 
element with elements of various other columns in 
the periodic table (see Periodic table). 

A group of semiconducting compounds of the 
simple type AB consists of elements from columns 
symmetrically placed with respect to column IV of 
the periodic table. Indium antimonide (InSb). 
cadmium telluride (CdTe), and silver iodide (Agl) 
are examples of 11 1- V, II-IV, and I- VI compounds, 
respectively. The various III-V compounds are be- 
ing studied extensively, and many practical appli- 
cations have been found for these materials. Some 
of these compounds have the highest carrier mobil- 
ities known for semiconductors. The compounds 
have zincblende crystal structure which is geomet- 
rically similar to the diamond structure possessed 
by the elemental semiconductors, germanium and 
silicon, of column IV, except that the four nearest 
neighbors of each atom are atoms of the other kind. 
The II-VI compounds, zinc sulfide (ZnS) and cad- 
mium sulfide (CdS), are used in photoconductive 
device.s. Zinc sulfide is also used as a luminescent 
material. See Luminescence; Photoconducttv- 
ITY. 

Binary compounds pf the group lead sulfide 
(PbS), lead selenide ^(PbSe), and lead telluride 
(PbTe) are sensitive in photoconductivity and are 
used as detectors of infrared radiation. The com- 
pounds, bismuth telluride (BiaTea) and bismuth 
selenide (Bi 2 Se 4 ), consisting of heavy atoms, are 
found to be good materials for thermocouples used 
for refrigeration or for conversion of heat to elec- 
trical energy. See Thermoelectricity. 

The metal oxides usually have large energy gaps. 
Thus, pure oxides are usually insulators of high 
resistivity. However, it may be possible to intro- 
duce into some of the oxides impurities of low ioni- 
zation energies and thus obtain relatively good ex- 
trinsic conduction. Copper (I) oxide (CuaO) was 
one of the first .semiconductors used for rectifiers 
and photocells; extrinsic p-type conduction is ob- 
tained by producing an excess of oxygen over the 
stoichiometric composition, that is. the 2-to-1 ratio 
of copper atoms to oxygen atoms. A number of 
oxide semiconductors can be obtained by replacing 
some of the normal metal atoms with metal atoms 
of one more or less valency. The method is called 
controlled valence. An example of such a semicon- 
ductor is nickel oxide containing lithium. 

Preparation of matariala. The properties of 
semiconductors are extremely sensitive to the 
presence of impurities. It is therefore desirable to 
start with the purest available materials and to 
introduce a controlled amount of the desired im* 
purity. The zone refining method is often used for 
further purification of obtainable materials. Tha 
floating zone technique can be used* if feasible^ 



to prevent any contamination of molten material by 
contact with crucible. .See Zone refining. 

For basic studies as well as for many practical 
applications, it is desirable to use single crystals. 
Various methods are used for growing crystals of 
different materials. For many semiconductors, in- 
cluding germanium, silicon, and the III-V com- 
pounds. the Czochralski method is commonly used. 
The method of condensation from the vapor phase 
is used to grow crystals of a number of semiconduc- 
tors, for instance, selenium and zinc sulfide. For 
materials of high melting points, such as various 
metal oxides, the flame fusion or Vernonil method 
may be used. See Crystai. growth. 

The introduction of impurities, or doping, can 
be accomplished by simply adding the desired 
quantity to the melt from which the crystal is 
grown. Normally, the impurity has a small segre- 
gation coefficient, which is the ratio of equilibrium 
concentrations in the solid and the liquid phases of 
the mateiial. In order to obtain a desired impurity 
(ontent in the crvstal, the amount added to the 
melt must give an appropriately larger concentra- 
tion in the licpiid. When the amount to he added is 
very small, a preliminary ingot is often made with 
a larger content of the doping agent; a small slice 
of the ingot is then used to dope the next melt 
dcc iirately. Impurities which have large diffusion 
(onstants in the material can be introduced di- 
lecth by holding the solid material at an elevated 
temperature while this material is in contact with 
the doping agent in the solid or the vapor phase. 

RECTIFICATION IN SEMICONDUCTORS 

In semiconductors, narrow layers can be pro- 
fliK cd which have abnormally high resistances. The 
lesisfance of such a layer is nonohmic; it may de- 
pend on the dite<*tion of current, thus giving rise 
to rectification. Rectification can also be obtained 
by putting a thin layer of semiconductor or insula- 
loi material between two (*onductors of different 
material. 

Barrier layer. A narrow region in a semiconduc- 
tor which has an abnormally high resistance is 
• ailed a barrier layer. A barrier may exist at the 
contact of the semiconductor with another mate- 
rial, at a crystal boundary in the semiconductor, 
or at a free surface of the semiconductor. In the 
hulk of a semiconductor, even in a single crystal, 
harriers may be found as the result of a nonuniform 
distribution of impurities. The thickness of a bar- 
rier layer is small, usually 10 cm. 

A barrier is usually associated with the existence 
of a space charge. In an intrinsic semiconductor, a 
region is electrically neutral if the concentration 
0 of conduction electrons is equal to the concen- 
tration p of holes. Any deviation in the balance 
gives a space charge equal to e(p — n). where e is 
the charge on an electron. In an extrinsic semi- 
( (inductor, ionized donor atoms give a positive 
''Pace charge and ionized acceptor atoms give a 
negative space charge. Let No and Na be the con- 
centrations of ionized donors and acceptors, re- 
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spectively. The space charge is equal to 
eip-n + No — NA). 

A space charge is associated with a variation of 
potential. A drop in potential, — AF, increases the 
potential energy of an electron by eAF, conse- 
quently every electronic energy level in the semi- 
conductor is shifted by this amount. With a varia- 
tion of potential, the electron concentration varies 
proportioiiatelv to exp {eV/kT) and the hole con- 
centration varies as exp (— eF/ftT). A space charge 
is obtained if the carriers, mainly the majority car- 
riers, fail to balance the charge of the ionized im- 
purities. 

A coiidiH'tioit electron in a region where the po- 
tential is higher by AF must have an excess eneigy 
of cAl' in order for it to have the minimum energy 
on reaching the low potential region. Electrons 
with less energy cannot pass over to the low po- 
tential region. Thus a potential variation presents 
d barrier to the flow of electrons from high to low 
potential regions. It also presents a barrier to tKc 
flow of holes fmm low to high potential regions. 

Surface barrier. A thin layer of space charge 
and a resulting variation of potential may be pro- 
duced at the siirfac^e of a semiconductor by the 
presence of sijiface slates. Electrons in the surface 
slates are bound to the \i< inily of the surface, and 
the energy levels of surface states mav lie within 
the enPTgv gap. Surface s*alcs may arise from the 
absorption of foreign atoms. Even a clean surface 
may introdui'p states which do not exist in the bulk 
mateiial, simply bv virtue of being the boundary 
of the crystal. 

The surlace is electrically neutral when the sur- 
face states are filled with electrons up to a certain 
energy level c in the energy gap fir., which is the 
energy difference between the bottom of the con- 
diictkih band Et and the top of the valence band 
Ev- If the Fermi level IT in the bulk semiconductor 
lies higher in the energy gap. more surface states 
would be filled, giving the surface a negative 
charge. As a result the potential drops near the 
surface and the energy bonds are raised for n-type 
materia' (Fig. 1). With the rise of the conduction 
band, the electron concentration is reduced and a 
positive space charge due to ionized donors is ob- 
"tained. The amount of positive space charge is 



Fig. 1. Energy dlogram of a turfoco barrier in on 
n-type semiconductor. 
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Fig. 2. Energy diagrams for a metal (left) and an 
n-type semiconductor {right). is the potential energy 
of an electron outside the material, Ef is the energy 
at the bottom of the conduction band, and is the 
energy at the top of the valence band, (a) Semicon- 
ductor and metal isolated, (b) Semiconductor and 
metal in electrical contact, eV^ 1 

equal to the nef^ative surface charge given by the 
electrons in the surface states between c and the 
Fermi level. 

Contact barrier. The difference between the po- 
tential energv , E{u of an electnm outside a material 
and the Fermi level in the material is called the 
work fiincti(»n of the material. Figure 2 shows the 
energv diagram for a metal and a semiconductor, 
the work functions of which differ by eV. Upon 
connecting the two bodies electrically, charge is 
transferred between them .so that the fiotential of 
the semiconductor is raised relative to that of the 
metal, that is, the eleUron eiiergv levels in the 
semiconductor are lowered. E(}uilibrium is estab- 
lished when the Fermi level is the same in the two 
bodies. In this case, the metal is charged negatively 
and the semiconductor is charged positively. The 
negative chaigc on the metal is concentrated close 


to the surface, as is expected in good conductors. 
The positive charge on the semiconductor is di- 
vided between the increase of space charge in an 
extension of the barrier and the depopulation of 
some of the surface states. The charging of the 
semiconductor is brought about by a change of 
eV^ in the barrier height 0. The sum of eV^ and 
the potential energy variation eV \ in the space be- 
tween the two bodies is equal to the original differ- 
ence eV between the work functions. 

With decreasing separation between the two 
bodies, the division of eV will he in favor of eF 2 . 
However, if there is a very large density of states, 
a small eV 2 gives a large surface charge on the 
semiconductor due to the depopulatif»n of surface 
stales. It is possible that eV^ is limited to a small 
value even at the smallest separation, of the order 
of an Interatomic distance in solids. In such cases, 
the barrier height remains nearly equal to the 
value 0 of the free surface, irrespective of the 
body in (*ontact. This situation has been found in 
germanium and silicon rectifiers. Before the ex- 
planation was given by .1. Bardeen, who postulated 
the existence of surface states, it had been assumed 
that the height of a contact harrier was equal to the 
difference of the work functions. See Work htnc- 
iioN (KLtr ironic). 

Single-carrier theory. The phenomenon of rec- 
tification at a crystal barrier can be described ac- 
cording to the role played by the carriers. Where 
the conduction properly of the lectifying barrier 
is determined primarily by the majority carriers, 
the single-carrier theory is employed. Such cases 
arc likely to be found in semic’ondiictors with large 
energy gaps, for instance, oxide semiconduclois. 
Figure 3 shows the energy diagrams of metal- 
semiconductor c'ontact rectifiers under conditions 
of equilibrium. The potential variation in the 
semiconductor is such as to reduce the majority 
carrier (Concentration near the contact. If the en- 
ergy bands were to fall in the case of an n-type 
semiconductor or to rise in the case of a p-type 
semiconductor, the majority carrier concentration 
would be enhanced near the contact, and the con- 
tact would not present a large and rectifying re- 
si.stance. It is clear that in the cases shown in Fig. 
3, the minority carrier concentration increases 
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Fig. 3. Energy diagrams of a metal-semiconductor 
rectifying contact, (a) n-Type semiconductor, (b) p-Type 
semiconductor. 
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near the contact. However, if the energy gap ig 
large, the minority carrier concentration is nor- 
mally very small, and the role of minority carriers 
may be still negligible even if the concentration 
is increased. 

Under equilibrium conditions, the number of 
carriers passing from one body to the other is bal- 
anced by the number of carriers crossing the con- 
tact in the opposite direction, and there is no net 
curient. The carriers crossing the contact in either 
direction must have sufficient energies to pass over 
the peak of the barrier. The situations under ap- 
plied voltages are shown in Fig. 4 for the case of 
an /i-type semi<*onductor. When the semiconductor 
is made positive, its energy bands arc depressed 
and the height of the potential barrier is increased, 
as shown in Fig. 4<2. Fewer electrons in the semi- 
londiictor will be able to cross <»ver into the metal, 
whereas the flow of electrons across the contact 
from the metal side remains unchanged. r4onse 
(]uentlv. there is a net flow of electrons from the 
metal to the semicimductor. The flow of elections 
fiom the metal side is the maximum net flow ob- 
tainable. With in< leasing voltage, the curient satu- 
idtcs and the resistance becomes veiv high. Figure 
W shows the situation when the semiconductor is 
negathe under the applied voltage. The energv 
hands in the semic<»nduct(»r are raised, 'fhe flow of 
electrons from the semiconductor to the metal is 
iti< leased, since electrons of lower energv are able 
to go o>er the peak of the harrier. The result is a 
net flow ol electrons from the semiconductor to the 
metal. Theie is n<i limit to the flow in this <'ase. In 
t.Kt the eIe<'trori current increases faster than the 
applied voltage because theie arc iru reasinglv 
mine elc« Irons at lower eneigies. The resistance 
deei eases, therefore, with increasing voltage. The 
diiection of current for which the resistance is low 
IS called the forward direction, while the opposite 
direction is called the reverse or blocking direc- 
tion. A general expression for the curient ran be 
wiiiien in the form 





^'9- 4. Energy diagrams of a rectifying contact be- 
*ween a metal and an n-type semiconductor under an 
applied voltage F. (o) Positive semiconductor. There 
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where j is the current density, n is the egrrier con- 
centration in the bulk of the semicondoctor, ^ is 
the barrier height, and V is the applied voltage 
taken as positive in the forward direction. The fac- 
tor C depends on the theory appropriate for the 
particular case. 

Diffusion theory. When there is a variation of 
carrier concentration, a motion of the carriers is 
produced by diffusion in addition to the drift de- 
termined by the mobilit> and the electric field. The 
transport of carriers by diffusion is proportitmal to 
the carrier concent! ation gradient and the diffusion 
constant. The diffusion constant is lelated to the 
mobility, and both are determined by the scatter- 
ing suffered by moving I'arriers. The average dis- 
tame tiaveled by a carrier in its random thermal 
motion between collisions is called the mean free 
path. If barrier thickness is large compared to mean 
flee path of caiiiers, motion of carriers in the 
harriei <*dn be treated as drift and diffusion. This 
viewpoint is the basis of the diffusion theor\ -of 
rectification. According to this theory, the factor 
C in the piecediiig equation depends on the mo- 
hilitN and the electric field in the harriei. 

Diode theory. When the harrier thickness is com- 
parable to or smaller than the mean free path of 
the c diriers, then the i ai ticis cross the harrier with- 
out being scatteied. much as in a vacuum tube 
diode Aicoiding to this theoiv. the lactor C in the 
rectifier equation is v wheie v is the average 
thermal veIocit\ of the carriers. 

Two-carrier theory. Often the conduction 
through a reclifying harrier depends on both elec- 
tron and hole carriers. An important case is the 
/>-/! junction between p- and n-samples of semicon- 
ductor material. Also in metal-semiconductor lec- 
tifici- the barrier presents an obstacle for the flow 
of majority carriers but not I y the flow of minority 
earners, and the latter may become equally or 
more important. 

Rectification at p-n junctions, A p-n junction is 
the boundarv between a p-type region and an 
n-type region of a semiconducti>r. When the im- 
purity lontent varies, there is a variation of elec- 
tron and hole concentrations. A variation of carrier 
concentrations is related to a shift of the eneigy 



U a net flow of electrons from metal to semiconductor, 
(b) Negative semiconductor. There is a net flow of 
electrons from semiconductor to metol. 
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bands relative to the constant Fermi level. This is 
brought about by a variation of the electrostatic 
potential which re(|uires the existence of a space 
charge. If the impurity content changes greatly 
within a short distance, a large space charge is ob- 
tained within a narrow region. Such is the situation 
existing in a rectifying p-n junction. 

When a voltage is applied to make the n-region 
negative relative to the p-region, electrons flow 
from the n-region, where they are abundant, into 
the p-region. At the same time, holes flow from the 
p-region, where holes are abundant, into the n-re- 
gion. The resistance is therefore relatively low. 
The direction of t'urrent in this case is forward. 
Clearly, the resistance will be high for current in 
the reverse direction. 

With a current in the forward direction, elec- 
trons in the n-region and holes in the p-region flow 
toward the junction and there must be continuous 
hole-electron recombination in the neighborhood 
of the junction. The minority carrier concentration 
in each region is increased near the junction due 
to the influx of the carriers from the other region. 
This phenomenon is known a.s I'arrier-injection. 
When there is a current in the reverse direction, 
there must be a continuous generation of holes and 
electrons in the neighborhood of the junction, from 
which electrons flow out into the /i-region and holes 
flow out into the p-region. Thus current through a 
p-n junction is controlled by the hole-electron re- 
combination or generation in the vicinity of the 
junction. 

The transistor consists of two closely spaced 
p-n junctions in a semiconductor with an order 
p-n-p or n-p-n. 

Contact rectification. If the height of a rectify- 
ing contact barrier is high, only a very small frac- 
tion of majority carriers can pass over the barrier. 
The fraction may be so small as to be comparable 
with the concentration of the minority carriers, 
provided the energy gap is not too large. The cur- 
rent due to the minority carriers becomes appreci- 
able if the barrier height above the Fermi level ap- 
proaches the energ> difference between the Fermi 
level and the top of the valence band (see Fig. 3). 

The concentration of minority carriers is higher 
at the contact than in the interior of the semicon- 
ductor. With a sufficiently high barrier, it is possi- 
ble to obtain at the contact a minority carrier con- 
centration higher than that of the majority 
carriers. The small region where this condition oc- 
curs is called the inversion layer. 

As in the case of a p-n junction, a forward cur- 
rent produces injection of minority carriers. With 
the presence of an inversion layer, the injection 
can be so strong as to increase appreciably the 
conductivity in the vicinity of the contact. Ordi- 
narily, contact rectifiers consist of a semiconductor 
in contact with a metal whisker. For large forward 
current.s. the barrier resistance is small, and the 
resistance of the rectifier is determined by the 
spreading resistance of the semiconductor for a 
contact of small area. By increasing the conduc- 


tivity in the vicinity of the contact where the 
spreading resistance is concentrated, carrier in- 
jection may reduce considerably the forward re- 
sistance of the rectifier. [h.y.f.] 

Bibliography: F. S. Brackett (ed.). The Present 
State of Physics^ AAAS Publ. 35, 1954; W. C. Dun- 
lap, An Introduction to Semiconductors^ 1957; 
H. K. Henisch, Rectifying Semi-conductor Con- 
tacts^ 1957; F. Seitz and D. Turnbull (eds.). Solid 
State Physics, vol. 1, 1955; W. Shockley, Electrons 
and Holes in Semiconductors, 1950; H. C. Terrcy 
and C. A. Whitmer, Crystal Rectifiers, 1948. 

Semiconductor rectifier 

Formerly called metallic rectifier, fl^is rectifier uses 
a semiconductor material to obtain its asymmetric 
conducting properties— low resistance to current 
flow in one direction, high resistance in the oppo- 
site direction. A semiconductor is an electronic 
conductor with resistivity in the range between 
metals and Insulators. The rectifying action takes 
place at the junction between a semic*onduclor 
having a deficiency of electrons and another semi- 
conductor or a metal which has a supply of fiee 
electrons. The low-resistance direction is toward 
the electrode with free electrems. The elementary 
device consisting of the elec‘trodes with the junc- 
tion and any contact terminals is culled a cell. 

Semiconductor rectifiers are used for conyerting 
alternating current to direct current in applications 
such as battery chafing, electrolytic production 
of metals and gases: and driving dc motors. The 
cells are rated on the basis of the forward current 
and the reverse, or inverse, voltage (rins or peak) 
to which they are subjected in rectifier circuits. 1'he 
operating characteristics are usual ly shown on a 
yolt-amperc curye, which giyes the forward voltage 
drop as a function of the current and the reverse 
current as a function of the inverse voltage. The 
ratings are determined largely by temperature lim- 
its. The forward and reverse resistances are de- 
creased as the temperature is increased; the effect 
on the reverse resistance is greater. The circuit 
symbol is shown in Fig. 1. Cells can be connected 
in parallel to obtain higher output currents, and in 
series for higher output voltages. The most fie- 
quently used rectifier circuits are the single-phase 
and 3-phase bridge (also called 6-phase double- 
way). See Rectifier. 
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Fig. 1. Circuit symbol of semiconductor rectifying ele- 
ment. 

There are two general classes of semiconductor 
rectifiers: (1) polycrystalline, in which the semi- 
conductor consists of many crystals; copper oxide 
and selenium rectifiers are in this class; (2) 
crystalline, in which the semiconductor is a slice c* 
a single crystal; germanium and silicon rectiflAr^* 



arc in this class. The monocrystalline rectifiers 
have a higher current density and a higher ratio of 
forward to reverse current. 

Poiycrystalline rectifiers. The rectifying June, 
tion, also called the barrier layer, is between the 
semiconductor and a metallic conductor. Figure 2 
shows enlarged sections of copper oxide and sele- 
nium cells. Their approximate volt-ampere char- 
acteristics are shown in Fig. 3. 

In a copper oxide cell, the rectifying junction is 
between copper and cuprous oxide (semiconduc- 
tor ) , which is produced on the copper by oxidation 
at a high temperature. Cells have been made in 


copper aluminum base 



Fig 2 Cross sections of (o) copper oxide and (b) 
selenium rectifying cells. 



fig 3. Typical volt-ampere characteristics of copper 
oxide and selenium rectifying cells. The voltages and 
current densities are instantaneous values. 


ratings from a few milliamperes to about 6 amp 
average dc, convection cooM, with current densi- 
ties of about 0.1- 0.2 amp/in.- The ratings are more 
than doubled by forced-air cooling. The highest 
jicak-inverse voltage rating is about 11 volts for 
h>w-voltage cells and 20 volts for high-voltage cells. 
The operating temperature is usually kept below 
^0®C to prevent excessive aging. 

A selenium cell is made by depositing selenium 
an aluminum plate and following with a heat 
treatment. A eutectic alloy is then deposited over 
”je selenium, and the cell is electroformed by ap- 
plying a reverse voltage, which produces the recti- 
*yfog junction between the selenium (semiconduc- 
ti>r) and the alloy coating. Cells are made for cur- 
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fig. 4. Selenium rectifier stack. 


rent latings fioni a fraction of an ampere to^ 15 
amp average dc, convection cooled, with densities 
of about 0.16 0.3 amp /in.** The ratings can be in- 
creased 2 to .1 times bv forced-air cooling. Peak- 
inverse voltage ratings are available from about 
20 75 volts. The maximum operating temperature 
range is 85 100®C 

Copper oxide and selenium cells are assembled 
in stacks and given a protective coating against 
atmospheric conditions. A typical assembly of a 
selenium stack is shown in Fig. 4. Both types of 
cells are subiect to aging, which gradually in- 
i reases the forward resistance and lowers the out- 
put voltage by about 15% for copper oxide recti- 
fiers and 5 10% for selenium rectifiers. The ap- 
pioximate range of over-all efficiencies of 6-pha&e 
rectiGer units at rated load is, after aging, 65-75% 
for copper oxide and 75-85% for selenium recti- 
fiers. 

Monocrystalline ractifiors. The rectifying junc- 
tion IS within a slice of a single crystal of the semi- 
conductor. For a discussion of conductivity types, 
doping of semic onductors, and definitions of terms, 
see Sf MKONDUCTOR. 

If a semiconductor crystal is doped to make one 
side /i-type and the othei side p-type, the p-/i junc- 
tion has rectifying properties, as illustrated in 
Fig 5. If a cell is connected in a circuit with po- 
larities, as shown in Fig. ,5<i, the potential gradient 



Fig. 5, Simplified repmentotion of operotioh of mono- 
crytloliine rectifier, (a) Conducting. (6> Mocking. 
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1 molybdenum, 0 030" thick 

2 soldering and /> doping material, indium for germanium, 
aluminum for silicon 

3 germanium or silicon wafer 0 015" thick 

4 soldering material, tin for germanium, 
silver-lead-antimony alloy for silicon 

Fig. 6. Typicol construction of germanium and silicon 
rectifying cells. 

will drive the charge carriers a<Toss the junction, 
producing a current. If the polarities are reversed, 
as shown in Fig. 56, the charge carriers are drawn 
away from the | unction and the current stops, ex- 
cept for a small leakage current. This is a simpli- 
fied explanation of the operating principle. See 
JfFN< rioN mom. 

The crvstal is grown from a melt of liighK puri- 
fied germanium or silicon and is sliced into wafers 
which are used for making rectif>ing cells. Figuie 6 
shows an enlarged cross section of a typical gei- 
manium or silicon cell. The wafer is n-tvpe, ob- 
tained by doping the melt from whi<*h the ( rystal is 
grown with a 5-vaIence element, such as arsenic. 
The wafer is soldered to the molybdenum terminals 
by heating the assembly. The soldering alloy on one 
bide has a 3-valence doping element which conveits 
the n-lype semiconductor on that side to a p-type, 
thus producing a p-/i junction. Other techniques 
and materials have also been used. 

The cell is sealed hermetically in a case under a 
dry gas, for protection against moisture. One side is 
soldered to the bottom of the case for good thermal 
and electrical conductivity; the other side is sol- 
dered to a conductor, which is insulated from the 
case. A typical encapsulation of a silicon cell is 
shown in Fig. 7. For dissipating the heat produced 
by the losses, the case is attached to an air- or 
water-cooled heat sink; in some designs it is an 
integral part of the c^ase. 

The rectifier ratings are determined by the op- 
erating temperature limits of the junctions, about 
65-^5®C for germanium and 175-200®C for silicon 
cells. No aging effects have been observed at these 
temperatures. Because of the small size of the cells, 
germanium and silicon rectifiers have only a lim- 
ited overload capacity for short periods. Excessive 
forward currents or inverse voltages can destroy the 
junction and will usually result in a short circuit 


through the cell. Adequate protection against over- 
loads and fault currents is a vital part of a rectifier 
unit. As piotection against voltage surges, it is the 
practice in many applications to limit the operat- 
ing peak inverse voltage (PIV) to one^half or less 
of the rated PIV. 

Germanium and silicon rectifiers are available in 
current ratings from a fraction of an ampere to 
several hundred amperes average dc per cell, and 
PIV up to about 300 volts for germanium and 1000 
volts for silicon cells. The highest PIVs are for the 
smaller cells. The approximate average current 
densities corresponding to the maximum ratings 
are .300-600 amp^in.“ for germanium and 700- 
1.300 amp/in.^ for silicon. A cell of.a given current 
rating has a range of PIV ratings so as to limit the 
magnitude of reverse current. These ratings are de- 
termined by testing and grading during manufac- 
ture on the basis of the inveise charactei istic. Fig- 
ure 8 shows approximate volt-ampere characteristics 
for cells of medium and high current ratings. There 
can bo large variations in the reverse characteris- 
tics. 

When rectifier cells are connected in parallel, 
theii foiward characteristics have to be matched, 
or some other means provided for balancing the 
ciirients. When they are connected in series, it is 
the usual jiractice to use shunting lesistors or other 
means for dividing the inverse voltage. The dc out- 
put voltage c‘an be adnisted by transformei taps, an 
induction regulatoi, or an adjustable leactoi in the 
ac ciic uit. The overall efBciencv of 6-plvase ger 
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Fig 8. Volt-ampere characteristics of germanium and 
silicon rectifying cells. The voltages and current densi- 
ties are instantaneous values. 


maniiim or silitdn ledifiei units al rated load is 
usual I V in the ran^e of 00 97' f . 

The eomineieial application of iKeiinaniuin reeti- 
fiets was stdited in about 1950; of sillc'on. in about 
1954. Uefoie the intiodurtion of medium- and 
laiger-si/e silieon tells, there were many appliea- 
iioiis of ^ennaiiiuni leetifiers. int hiding a number 
of high-current installations foi electrol>li( set vice, 
one of whi(*h has a rapacil\ of 140,000 amps, 250 
Mills dt . Because of its highei operating tempeia- 
tine and highei available voltage latings, the silicon 
rectihei has become the preferred tvpe, partit'ularlv 
fill dt vtiltages aliove 50 volts. Its application has 
gniwn rapidly and has been extended into fields 
uhith were formerly monoptili/ed by mercurv-arc 
rcitifiers. .See CoNTKOLi.hD rfctiiikr. [h.w. | 

Biblioffraphy: AIEE, Rectifiers in Industry^ Publ. 
T-9:J, 1957; W. C. Dunlap, Jr., An Introduction to 
'semiconductors, 1957; H. K. Henisch, Rectifying 
Serni Conductor Contacts, 1957 ; S. P. Jackson, 
'seloLtion and Application of Metallic Rectifiers, 
1957. 

Semionotiformes 

\i tinopterygian fishes first occur in the llppee 
Permian but are best developed in the early Meso- 
zoic. Modern gars belong to this order of other- 
wise archaic forms which are also known as the 
^'dnglymodi. The scales are thick, more or less 
rhomboidal, and have an enamel-Iike surface. The 
structure is diverse but modern forms are elongate 



Spotted gar, Lepisosteus producfus. (After G. 6. 
^oode. Great International Fisheries Exhibition, Loth 
1883, U.S. Natl. Museum 8ull. 27, 1884) 


and have produced bony jaws with sharp teeth and 
an abbreviated heterocercal caudal fin. The swim 
bladder is highly vascularized. The single Recent 
family l^pisosteidae contains one genus, Lepi- 
sosteus, with seven species (see illustration). They 
are restricted to lowland fresh and brackish waters 
of North and Central America. Gars are despised 
bv fishermen because of their predation on more 
valuable fishes. They arc thefnselve.s caught with 
difficult V and are almost worthless as food. The roe 
is highly toxic when eaten by warm-blooded ani- 
mals. See Ai.TiNor i erygii ; Swim bladder. \ r.m.b.] 

Senescence 

The St lid V of the biological changes related to ag- 
ing. with special emphasis on plant, animal, and 
clinical observations which may apply to man. 

Aging process. From the time the ovum is ftr- 
tili/ed to foini a new individual until the individual 
dies, the processes of aging are at work. Body 
cells, in most cases. like the Ik ginning embryo, *are 
fiist relatively unspecialired. or undifferentiated. 
Thev are literallv bin sting with life and their pri- 
mal v initial function seems to be that of growth, 
then reproduction. Following this period of activ- 
itv. the average cell then entcis a variable period 
of lime during which it will function as one of a 
niinibei of similar units so that a particular func- 
tion or group of metabolic requirements mav be 
(airied out. Inevitably, at some point certain 
changes occur; these mav be almost imperceptible 
at fiist but they mark the onset of a period of de- 
1 line whi< h will end in the reduction of activity 
and, fifidllv. in cessation of biologic function, death. 
See Diaih. 

In a sense, all recognizable stages or changes 
diiii’ g the lifetime of a (‘ell or tis<iue indicate se- 
nes(**Mice. since aging is a function of time, and 
time ultimatelv limits all living things. More prop- 
erly. however, senescence includes the gradual de- 
crease in functioning of many general and speciht 
characteristics of both cellular and intracellular 
components of the body over the organism’s life- 
time 

Aging does not occur at a uniform rate, n(»r does 
it occur at the same rate in different tissues, or for 
that matter, even in different individuals. There- 
fore the concepts of .senescence, although they 
mark the influence of time, cannot be directly cor- 
related with its actual pa.ssage. 

Physiological changes. Another aspect which 
must be considered in aging is that the changes 
whiah indicate deterioration or degeneration are 
not actually causes of senescence, but are effects 
of more subtle disturbances of metabolism or reg- 
ulation which, for the m(»st part, are recognized 
only when they become accentuated. The long, in- 
tricate chain of events which ultimately produces 
a recognizable alteration is usually so intertwined 
with other contemporary changes that it is hard to 
disentangle a single causative thread. For the most 
part the present course is to compare the normal 
aging tissue, if possible, with abnormal tissue from 
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either individuals who show severe evidence of se- 
nescence or from individuals whose tissues show 
changes much earlier or later than the average. 
This immediately brings up the question of what is 
abnormal, or pathologic. This may be easy to define 
in extreme cases but, as the range narrows toward 
normalcy, there will be less and less agreement and 
more divergent views on interpretation, unless 
large groups of tissues, organs, or individuals are 
considered so that certain patterns appear even in 
the borderland regions. 

Certain generalizations regarding senescence 
may be made if it is kept in mind that these apply 
to large groups and not necessarily to a specific 
individual. 

In older persons there is usually a specific atro- 
phy of certain tissues, notably those of the sex 
organs, the skin, the skeletal framework, and the 
connective elements of the body. Even in those or- 
gans where there is an adequate function, age pro- 
duces a decrease in the size of the organ cells, or 
parenchyma. 1'here may also be a proportionate 
increase in the amount and density of the non- 
cel lular components. Thus, in a senescent liver, for 
example, the cells are smaller than those in the liver 
of a young adult. The intercellular connective tissue 
appears more prominent, but usually this is due 
only to a relative .shift in volumes, although an ac- 
tual increa.se in connective tissue may occur under 
the influence of further aging. See Atrophy. 

It is believed that at least part of this cellular 
atrophy is due to the accumulation in the immedi- 
ate environment of the cell of materials which in a 
more vigorous individual would be carried off or 
metabolized. Biochemical investigations are shed- 
ding some light on this phenomenon, both from the 
.standpoint of the type and quantity of material ac- 
cumulated and also on the measurable decreases 
in cellula? activity that occur first. 

Secondary alterations. The great integrating 
and regulating systems of the body .show the effects 
of aging and, in turn, produce secondary alterations 
on other organs and ti.s.sucs. For example, gradual 
accumulation of fatty depobits in blood vessels com- 
monly rcsult.s in a hardened, thickened, abnormal 
wall with decreased elasticity. Blood passing to an 
organ through such a vessel may not furnish nour- 
ishment or remove wastes as effectively as formerly. 
This may be due to a decrease in actual blood flow 
because of partial obstruction by the arterioscle- 
rotic plaque, or it may be due to the pos.sibIy in- 
jurious effects of an intermittently higher blood 
pressure, since the wall cannot stretch to di.ssipate 
some of this force. 

Changes in the endocrine system and in the nerv- 
ous system, also integrative and regulatory in na- 
ture, are routinely seen in elderly persons. The 
complex interrelationships of the hormones of the 
body may be altered so that both specific target tis- 
sues and general body cells are adversely affected, 
albeit at a slow rate. 

The nervous system is somewhat unique in that 
its functional units, the neurons, do not multiply or 


regenerate after embryonic life. In addition, they 
are also highly susceptible to damage caused by a 
decrease in, or lack of, oxygen and by other factors. 
Nervous system atrophy is expected in most elderly 
persons, but this does not necessarily relate directly 
to severe or pronounced mental effects. It does 
mean, though, that such atrophy, when combined 
with changes in blood vessels, glands, and other 
organs, may hasten the appearance of the composite 
picture we call senility. 

Tissue changes. Perhaps the most marked 
changes in senescence are seen in the various inter- 
cellular tissues of the body, the bony matrix, blood- 
forming centers, connective tissue and joints, and 
similar components in which theilp is a very low 
content of living cells. Much of this material ac- 
cumulates with age as the result of cellular secre- 
tion, metabolic activity, and physicochemical proc- 
esses which are only beginning to be understood. 
Such material is known to decrease in lability and 
rate of turnover as old age advances. Since most 
of the parenchymal cells of the body which still 
function are held in place by some form of this in- 
tercellular substance, it is easy to see that these 
cells might also be adversely affected bv decreased 
metabolism of the supporting structures. 

In certain tissues, .senescence is marked by typi- 
cal changes in pigmentation, such as the brown at- 
rophy of the heart, liver, or kidney, and, of course, 
the accumulation of lipid materials in blood vessel 
walls and other placc^ See Pigmentation. 

Changes in tha colloidal systems. Many senes- 
cent alterations are believed to be due to the grad- 
ual change in certain physical or chemical proper- 
ties of body colloidal sy. stems. This is seen most 
clearly in the relation of hydrophilic colloidal par- 
ticles to the surrounding aqueous phase of such a 
system, but analogous situations probably occur in 
the aging of elastic fibers in which collagen re- 
place.s the formerly resilient material in fi.ssiies like 
blood vessels, the skin, lungs, and musculoskeletal 
structures. 

Scope of sonesconco. In consideration of the 
scope of senescence, it must be realized that there 
is but a hairline of difference between normal or 
average aging changes and the development of 
those diseases and disturbances to which the elderly 
are most subject. Such diseases, however, lie more 
properly in the realm of geriatric medicine. The 
changes mentioned in this article apply, with allow- 
ances for differences in life span and other species 
characteristics, to most animal tissues with any de- 
gree of specialization. See Gerontology. 

Although cumulative injury and repair of body 
elements is excluded in a theoretical consideration 
of senescence, the practical aspects cannot be ig- 
nored in an evaluation of aging. It is also most 
difficult to quantify such repetitive injury in terms 
of a single individual. 

Metabolic and physiologic changes which occur 
with age are of great import. The obvious effects 
of even such mundane factors as decreased physical 
activity, improper elimination, and faulty diet^e 



not create the best nutritional situation to facilitate 
the fight against deleterious influences. 

With an increase in age, particularly beyond the 
middle years, there is thought to be a gradually 
progressive dessication, or drying, of the body com- 
ponents. There is also a gradual decrease in tissue 
rcMlience, elasticity, and tensile strength. Muscular 
effectiveness drops off relatively early, and is fol- 
lowed in later years by variable reductions in the 
integrity of the nervous system. The latter produces, 
((iiJte often, changes in vision, hearing, coordina- 
tion, reception of sensory stimuli, and mental proc- 
esses, particularly those of memory and concentra- 
tion. 

Nonspecific changes. Other important, nonspe- 
(ih( changes in body cells include a gradual de- 
crease in the rate of normal cell division, so that 
normal or excessive repair proceeds more slowly. 
There is also a corresponding reduction in the 
(fuantilY or quality of cell secretions, including 
the important portions of the digestive system, 
(he pam reas, liver, and the vital endocrine glands. 

Most body tissues decrease in activity with ad- 
van* mg age, this may be demonstrated repeatedly 
h\ (ompaiisons of basal metabolic tests of groups 
III diffeient age medians. 

It has been aptlv stated that all ol the iiianv fac- 
tors whuh **onstitute the aging process tend to de- 
plete l)*idv reserves so that the aging individual 
gradual! \ becomes less able to withstand the acci- 
dents or the unusual sti esses of living and finally 
(*• unable to provide adequate maintainence of the 
lunc tions and stiuclures necessary for life. 

[e.c.st.] 

Senile dementia 

A psvehosis characterized by intellectual deteriora- 
licm, impairment of judgement, and gross emotional 
instability. See Psychosis. 

The psychosis is largely due to metabolic changes 
in the senile brain. Atrophy and reduction in the 
number of cells, especially in the frontal lobes, are 
characteristic. Psychological factors, particularly 
threats to the security of the aged patient, are im- 
portant. E. Gruenberg showed that general physical 
illness is often a precipitating or aggravating 
fa**tor. 

The symptoms are impaired abstract thinking 
and a return to what K. Goldstein called concrete 
thinking. Patients are not able to handle ordinary 
problems of living, are oversensitive, irritable, anx- 
ious, and often quite suspicious of being mis- 
treated. Frequently, they suffer from paranoid de- 
lusions and various hallucinations. The behavior of 
oine patients becomes quite aggressive, with a 
regression to infantile sexual patterns. The differ- 
ential diagnosis against cerebral arteriosclerosis is 
not always possible. See Delusion; Hallucina- 
Paranoid state. 

Treatment is symptomatic. Patients need much 
Pt»>chological support, and the prevention of severe 
Arcatb, such as illness without care; the older in- 
uividual needs to have a feeling of security and 
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stability. The use of tranquilizing drugs is in order. 
Prolonged hospitalization may be indicated, but 
should be recommended only after careful evalua- 
tion of the patient. See Tranquilizlr. fF-t-R.] 

Bibliography: J. R. Ewalt, E. A. Strecker, and 
F. G. Ebaugh. Practical Clinical Psychiatry, 8th ed., 
1957; A. P. Noyes and L. C. Kolb, Modern Clinical 
Psychiatry, 5th ed., 1958. 

Sensation 

A term c'ommonly used to refer to the subjective 
experienc'e resulting from siimulaticm of a sense 
organ, for instance, a sensation of warm, sour, or 
gieen. As a general scieiitifir category, the study 
of sensation is the study of the operation of the 
senses. 

Sense receptors. .Sense receptors are the means 
by which information presented as one form of en- 
ergy, for example, light, is converted to informa- 
tion in the form used by the nervous system, 
that is, impulses traveling along nerve fibers. The 
receptors ma\ conveniently be classified on the 
basis of their location and stimulus source, in a 
modification of the system introduced by C. S. 
Shetiington. 

Pain does not ht neatlv into the following clas- 
sififdtjon. its receptors apparently being distrib- 
uted throughout most of th * body. 

Exterocpptors. These are receptors at the sur- 
face of the body which tran**niit information about 
the exleindl environment. They may be further 
classified as teleceptors (the eve, ear, and nost ) 
which arc conceincd with the inoic distant environ- 
ment, and proxirnoc eptors (involved in taste and 
in cutaneous sensations) which report primarily 
on the contiguous external enviionment. .See Hear- 
ing; Smii 1 ; Vision. 

Proprioceptors. Proprioceptors are found in sub- 
cutaneous tissues, muscles, tendons, )oints, and in 
the labyrinth of the ear. They signal the spatial 
position and movements of the body and its mem- 
bers, as well as muscular tension. 

Inter fetors Interoceptors are located in the 
visceral organs and generally yield diffuse, poorly 
Jocalized sensations. They are responsible for the 
feelings of distention and temperature which can 
arise from some of these organs. The interoceptors 
are also involved in the characteristic sensations 
accompanying hunger or nausea. 

Specific irritability. Specific irritability of re- 
ceptors is essential for the ability to discriminate 
among different kinds of stimulation. Each sense is 
specialized for the detection of one form of energy, 
called the adequate stimulus for that sense. While 
the eye can be stimulated bv sufficiently intense 
mechanical energy, from a blow, for instance, it 
responds to a very much smaller intensity of its 
adequate stimulus, which is light. The touch recep- 
tors of the finger-tips, unstimulated by the glare 
of the noonday sun, respond to the minute skin de- 
formations resulting from the gentle strokes of a 
feather. 
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An additional principle beyond that of specific 
irritability of receptors is needed in order to ac- 
count for the ability to discriminate among different 
kinds of stimulation. The need for the further prin- 
ciple arises because the nature of the adequate 
stimulus has no effect on the characteristics of the 
resulting neural impulses which transmit the stimu- 
lus information through the nervous system. Con- 
sequently, there is nothing distinctive about the 
neural impulses to indicate what sort of stimulation 
initiated them. 

Johannes Muller's doctrine of specific nerve 
energies, also known as Muller’s law, explains why 
the messages from the different senses are not con- 
fused with each other, even though they consist of 
similar nerve impulses. There is discrimination 
among the adequate stimuli for the several senses 
because the corresponding neural impulses travel 
over different nerves and arrive at different destina- 
tions within the nervous system. 

One demonstration of this principle is the fait 
that stimulation of a sensorv nerve b> anv means 
results in a sensation appropriate to that nerve. 
Stimulation of the optic nerve, even if mechanical, 
electrical, or thermal, always yields visual sensa- 
tions. 

Properties common to the senses. Each sense 

has mechanisms and characteristics peculiar to 
itself, but all display the phenomena of absolute 
thieshold, differential threshold, and adaptation. 

Absolute threshold. Not until sufficient stimula- 
tion impinges on a receptor can the presen<*e of a 
stimulus be detec’ted. The quantity of stimulation 
required is knoi\n as the absolute threshold. The 
magnitude of the absolute threshold is affeited by 
manv factors. .Some of the more general ones are 
mentioned below under strength of response. 

Differential threshold. Not until a sufficient 
change occurs in some aspect of a stimulus can 
the c hange be detected The magnitude of the 
<‘hange requited is called the differential threshold. 

A generali/alion known as Weber's law, which 
is found empiricallv to be onlv an approximate rule 
of thumb, states that the stimulus inc renient which 
can harelv be detected (the |ust noticeable differ- 
ence. or j.n.d. ) is a c'onstant fraction of the Initial 
magnitude of the <>timu]us. The Weber fraction is 
’iss for the frequency of a moderately loud audi- 
torv teme ,3 octaves abo\e middle C, Yi for the 
intensity of a weak tone 3 octaves below middle 
C. The values of the Weber fractions for other 
stimuli fall between these values. 

The si/e of the Weber fraction is influenced in 
many wavs. It rnav be different for different senses, 
such as smell and temperature, although there is 
much overlap in this regard. For one sense, it 
varies with such cpialitative factors as hue or pitch. 
With all other factors held c'onstant, the Weber 
fraction may remair^ fairly constant throughout 
the middle range of stimulus intensities, but its 
values at the extremes of intensity mav differ a 
hundredfold. Rate of stimulus change, stimulus 
duration or size, and a host of other factors may 


have a bearing in any particular c'ase. If the limi- 
tations of Weber’s law are kept in mind, however, 
it is still useful to remember that the ^‘resolving 
power” of a sense is roughly proportional to the 
magnitude of the stimulus. .See ThMPhRATURE 

SENSES. 

Special procedures known as psychophysical 
methods have been developed for measuring abso- 
lute and differential thresholds, and for relating 
magnitude of sensation to magnitude of stimula- 
tion. See PsYEHOPHYSICAI METHODS. 

Adaptation, Under steady stimulation, there is a 
decrease in sensitivity of the coi responding sense, 
as indicated by a shift in the absolute threshold 
and in the magnitude of sensation. After the stimu- 
lation ceases, sensitivity increases. An obvious ex- 
ample of visual adaptation occurs when one goes 
from blight to dim surroundings or vice versa. De- 
pending on the sense involved and the amount and 
duration of the change in stimulation, the shift in 
sensitivity may he by a factor of as much as 100,000, 
and iiidv require as little as a traction of a second, 
oi rnoie than an hoiii 

Strength of response. The mdgnitude of sen- 
sory response to stimiilaticm may be affected bv 
the si/e or diitation of the stimulus. Stimuli which 
are veiy small or \ery shoit often, althmigh not 
invariably, yield less response. 

\n important influence on the stiength of re- 
sponse is the level of the absolute threshold. A 
stimulus below abso^te threshold occasions no re- 
sponse; a stimulus slightly above threshold arouses 
a weak i espouse, and a stimulus well abo\e thresh- 
old yields a strong response. Whili* there are manv 
influent es on thieshtilds in each beiise department, 
some are of tMuisiderable generality. 

The nature of the stimulus has a profound effect 
on the absolute threshold, since receptors are not 
equally sensitive to the entire range of their ade- 
quate stimuli. The absolute threshold of the human 
eye for giecnish-yelbiw light is Vitioo of that for 
red light, and the threshold concentration of one 
odoious substance may be millions of times gi eater 
than that of another. 

Receptor condition may affect absolute thresh- 
old, not only through adaptation, hut also because 
of impaired functioning. For instance, vitamin A 
deficiency can lead to so-called night blindness, and 
normal aging processes may affect hearing thresh- 
olds. See ViiAMiN A. 

Condition of the central nervous system also 
plays a role in sensitivity. The nervous system 
continuously active, and evidence is accumulating 
that, for at least some sensory systems, the level of 
activity in the central nervous system has rather 
direct effects on sensitivity. See Rkticuear forma 
TioN (brain). 

The locus of stimulation, for senses in whieh 
this can vary, will affect the absolute threshold. 
Some areas of the tongue are more sensitive to 
bitter stimuli, others to salty. Looking directly al ^ 
visual stimulus is the best procedure if one’s pur* 
pose is to resolve fine detail, but ® P®or proccdtire 
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if one wishes to detect a faint pinpoint of light in 
the dark, because of differences among receptors in 
different parts of the retina of the eye. 

Species differences in sensitivity have been ex- 
amined by means of behavioral tests and by re- 
lording of electrical activity evoked in the nervous 
K>stcm by sensory stimuli. The common cat can re- 
spond to auditory tones of frequencies three times 
higher than the upper limit for man, and there is 
ele(*trophysiological evidence that pure water has 
a distinctive taste to the dog. Lest it be thought, 
however, that man invariably makes a poor show- 
ing when his sensitivities^ are compared to those of 
other species, let it be said that undet suitable con- 
diti(»ns man’s eye and eai can detect stimuli which 
are nearly as weak as are delectable by physical 
means. 

Spatial localization. With fairly good accuracy, 
man < an localize visual objects, sounds, and cuta- 
neous contacts, and can disci iminate the spatial 
oTientdtion of his Imdy and its meinhei^. With 
rather poor accui aev, he ran localize many of the 
stimuli oiiginating within his own body 

With the cxceptmn of hearing, in whi<*h sense 
Ini alization depends on diffci ernes in the acoustic 
stnnuli leaching the two cais, theic a|ipc'ars to be 
a (ommoti principle invol\ed in giving spatially 
scpaiated rccc|itors iheii diffcient local signs 
Stimulation at different points on the receptive 
surface lesults in peaks of electrical activity at 
diflcient loc i in the brain. Jn no sense is there anv- 
ihing like a private wire from each scnsoiv cell to 
I t oiiesponding point in the hiain. In fac*t, there 
aie so many opportunities for a signal to go astrat 
on Its wav fioin the icceptor to the brain that it is 
siiT prising that spatial discrimination is as good as 
It IS Ne\cithelcss ihcTe is clear evidence that, by a 
I ornbination of anatomical and functional arrange- 
ments. spatial differences at the rec'eptor level are 
translated into topologically similar spatial differ- 
enc ( s in brain activity. 

Compensation for sensory deficiencies. 

tlioiigh compensation for deficiencies in such senses 
pain, proprioception, or taste is important to 
the individuals concerned, much more effort has 
been devoted to compensating for deficiencies in 
''tght or hearing, the major channels through which 
‘'cnsoiv information about the environment is 
transmitted. 

There are two types of solution to these prob- 
l**nis. In one, devices are used which alter the input 
of stimulation in a way which compensates di- 
for the sensory defect. Common examples 
aie the use of eyeglasses to correct for refractive 
‘frors of the eye, and the use of hearing aids to 
aniplify sound, either as compensation for lowered 
auditory sensitivity or as a means of bypassing the 
affected part of the ear. See Eye classes; Hear- 
*■^0 AID. 

Sometimes such direct compensation is not pos- 
''Ible. and there is recourse to a different sense as a 
* oQiinunication channel. The Braille system of 
printing for use by the blind illustrates the sub- 
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stitution of tactual for visual information, and lip- 
reading is a means of substituting visual informa- 
tion for the speech sounds no longer available to 
the deaf. There might be more such subsiitution^ 
available if the possibilities were more fully ex- 
plored. See Itch; Pain, cutaneous; Pain, deep; 
Paresthesia; Sensf, chemical; ,Somlstulsi5; 
Stlreognosis; Taste; Tickle; Touch. [j.I'.h.J 

Sense, chemical 

The senses of smell (olfaction) and taste and the 
so-called common chemicdl sense comprise the three 
chemic.il senses. The sense cells of olfaction and 
taste die specialized receptor neural elements. The 
receptors of (*ommon chemical sense appear to be 
undifferentiated, free neivc endings These are dis- 
tributed throughout the moist, mucous membranes 
of land dwelling animals and over the skin of 
aquatic vertebrates. In order of thresholds, olfac- 
tion is the most sensitive, taste i- intermediate 
and common chemical sensitivity is the least sensi- 
tive. 

The * heinieal senses, with their relatively simple 
morphology (structure and form) are often classi- 
fied lower senses when compared to the higher 
senses of vision and hearing. The chemical senses 
mediate the selection and acceptance of foodstuffs, 
the avoidance of irritants and, in lower organisms 
especially the detection of enemies and prev and 
the selection of mates. Their role in c*ontroIling 
general behayior appears to be more important in 
lowei organisms than in man. 

The common chemical senses are considered to 
be the sensitivity to mildly irritating chemicals like 
dilute solutions of alkali, acids, and salts. Such 
chemic d sensitivity is distinct from tactile senM- 
livity end, in the mouth and lose, is distinct from 
taste and smell. Some authoritie<- claim that chemi- 
cal sensitivity can be demonstrated as an entity 
distinct from pain and touch. However, other au- 
thorities are of the opinion that this has not bec*n 
clearly shown. .Ste ChI'MorI'C eption ; Si-nsation; 
Smell Taste. [c.p.I 

Bihliofrapky : S. S .Stevens (ed.), Handbook of 
Experimental Psyrhologv^ 1951. 

Sense organ 

A structure which is a receptor for external or in- 
ternal stimulation. \ sense organ is often referred 
to as a receptor organ. External stimuli affect the 
sensory structures which comprise the general cu- 
taneous surface of the bodv, the exteroceptive area, 
and the tissues of the bodv wall or the propriocep- 
tive area. These somatic area receptors are known 
under the general term of exteroreceptors. Internal 
stimuli which originate in ^^arious visceral organs 
such as the intestinal tract or heart affect the vis- 
ceral sense organs or interoceptors. A receptor 
structure is not necessarily an organ; in many uni- 
cellular animals it is a specialized structure within 
the organism. Receptors are named on the basis of 
the stimulus which affects them. 
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Photonnpton. Those structures which are 
sensitive to light and in some instances are also 
capable of perceiving form, that is, of forming 
images, are called photoreceptors. Light-sensitive 
structures include the stigma of phytomonads, pho- 
toreceptor cells of some annelids, pigment cup 
ocelli and retinal cells in certain asteroid*^, the 
eyespot in manv turbellarians, and the ocelli of 
arthropods. The compound eye of arthropods, mol- 
lusks and chordates is capable of image formation 
and is also photosensitive. See Photoricception. 

Phonoraceptors. Structures which are capable 
of detecting vibratory motion oi sound waves in the 
environment are phonoreceptors. The most com- 
mon phonoreceptor is the ear, which in the verte- 
brates has other functions in addition to sound 
perception. Among the fishes, it has been demon- 
strated that the air bladder and lateral line organs, 
which in certain species have receptors (neuro- 
masts) in their canals, serve as sound receptors. 
Sound peiception in snakes, which lack a middle 
ear and are sensitive to air-borne sounds is by bone 
conduction which makes them sensitive to ground 
vibrations. Sensory hairs or hair sensilla and tym- 
panal organs occur in insects. Other organs which 
mav function as sound receptors are the statotvsts 
of certain crustaceatib, although they are primarily 
statoreceptors. .SVe Phonori cep i iov. 

Statoreceptors. Struct urei> concerned primarily 
with ecfiii libra t ion, such as the btatocvsts found 
throughout the various phvla of inveitebrates and 
the inner ear or membranous labyrinth filled with 
fluid, are statoreceptors. Ilalteies are unique strut - 
tiii€*s found in the Diptera whit h aid in orientation 
of these insects See Et^uiLiBRit M, biologic ^1. 

Olfactoreceptors. The sense of smell is depend- 
ent upon the presence of <dfa<tory neurons in the 
olfactorv epithelium of the nasal passages among 
the vertebrates. Olfactory hairs extend from each 
olfactureceptor <ell, giving it a brushlike appear- 
ance. Jacobson’s organ in amphibians mav plav a 
minor lole in olfaction. Little is known about the 
sensation of smell among the invertebrates. The 
auricle of planarians has olfactory receptors and 
the rhinophoies <»f lertain land mollusks are re- 
garded as smell receptors. Odor sensitivity has 
been observed among many of the invertebrates, 
but no specific structure has been implicated. The 
most widelv studied invertebrate group is the in- 
sects in whic h three types of structures have been 
described: the sensilla placodea. sensilla basi- 
conica, and the sensilla coeloconica. 5ee Smell. 

Gustatoreceptors. One of the best-known senses 
is that of taste, which is mediated by the taste buds. 

In most vertebrates these taste buds occur in the 
oral cavity, on the tongue, pharynx, and lining of 
the mouth, but among certain species of fish, the 
body surface is supplied with taste buds as are the 
barbels of the catfish. Again, among the inverte- 
brates. the most studied group has been the insects 
and most of the experimental work has been based 
on behavioral studies. However, because sensilla 
are known to occur on the antennae, mouthparts. 


tarsus, and tibia of many species, and on the ovi- 
positor of a few forms, it has been postulated that 
these structures are involved. Gmtact stimulation 
appears to activate the receptors. See Taste. 

Cutaneous receptors. The surface skin of ver- 
tebrates contains numerous varied receptors asso- 
ciated with sensations of touch, pain, heat, and 
cold. Tangoreceptors are associated with the phe- 
nomena of touch and pressure. Because sensory 
endings of both tangoreceptors and algesirorecep. 
tors (pain receptors) terminate in the skin, it is 
often difficult to distinguish between the two 
Among the vertebrates, cutaneous receptors are 
Crandrv’s corpuscle, Herbst corpuscle, the bulb of 
Krause. Merkel’s corpuscle, MeisSner’s corpuscle, 
tbe Pacinian corpuscle, and tbe end organ of Ruf. 
fini. The end bulb of Krause is a thermoreceptor 
and is stimulated by cold ( frigidoreceptor ) . 
whereas the end organs of Ruffini are believed to 
be influenced bv beat (caloreceptor). Sensory and 
labial pits of certain reptiles are temperature sen- 
sitive. Many of the invertebrates are temperature 
sensitive, especially during developmental life fv- 
<*les. Thermal perception among insects has been 
attributed to the antennae and mouthparts as well 
as the cerci and tarsi. The ampullae of Lorenzini 
found in elasmobranchs mav have a thermosensoi v 
function according to recent studies. See Pain, 
riTANioTJs; Sinsaiion; Sfnsi-, ciiimkai, 
Touch. Tt-B.i.l 

Sensible tempe/ature 

An estimate of the degree of human comfort which 
is felt under various c*ombinations of atmosphern 
temperature, humidity, air movement, and radiation 
to and from surroundingb. It is expressed by the 
temperature at which the same degree of comfort 
would be fell in air at standard humidity, air move- 
ment, and radiation. The human body pioduces heat 
constantly, and to avoid chilling or overheating, it 
must lose heat at approximately the rate of produc - 
lion, which depends on muscular activity. Sensible 
temperature measures the cooling power or ther- 
mal acceptance of the atmosphere. See Tlmpeka- 
TURI. 

Heat is lobt by conduction to coolei air, by evapo- 
ration of perspiration into unsaturated air, and b\ 
radiative exchange with the surroundings. Air mo- 
tion ( wind ) affects the rate of conductive and evap- 
orative cooling of skin but not of lungs. Radiative 
losses occur only from skin, and depend primarily 
on sunshine intensity and on the temperature of 
sky and surroundings. Clothing affects all three 
avenues of heat loss from skin. Heat can also be 
lost by conduction to water, to the ground, or to 
another surface in substantial contact with the 
body. Hence any sensible temperature or cooling- 
power formula applies to a man at a given rate of 
activity, with specified clothing or no clothing. 

Many cooling-power formulas have been P*’®' 
posed, as well as such names as effective, equi^®* 
lent, operative, or comfort temperature; or com- 
fort, sultriness, or wind-chill in^ex. Moat have boon 



aerived from special instruments such as Hill's 
Kaiathermometer, Dorno's (Davos) frigorimeter, 
k. Buettner’s frigorigraph, P. A. Siple’s cylinder, 
and C P. Yaglou’s globe. Others are based on ex- 
pcTiments with human subjects; most used are 
\ aglow’s effective temperature (given graphicallv 
in the annual Guide of the American Society of 
Heating and Air-Conditioning Engineers) and the 
operative temperature of C. E. A. Winslow, L. P. 
Herrington, and A. P. Cagge. fA.c.l 

Bihliography: C. E. A. Winslow and L. P. Her- 
nngton. Temperature and Human Life^ 1949. 

Sensitivity 

The ability of the output of a device or system to 
respond to an input stimulus. Mathematically, sen- 
sitivit\ is expressed as the ratio of the response or 
(hange induced in the output to a stimulus or 
<hange in the input. If the sensitivity varies with 
the le\el of the input signal, then sensitivity is usu- 
dll\ expressed in terms of the derivative of the out- 
put with respect to the input at a specified input 
le\el 

The leciprocal sensitivity is called the scale fac- 
tor of figure of merit, and it represents the conver- 
sion la< tor by which the output indicator or scale 
ifadiiig must be multiplied to obtain the magnitude 
of the input. Occasionally the scale factor is called 
th» scnsitivit\ through loose usage. 

Sensitivity is closelv related to noise Quite of- 
ten the limiting factor in increasing the sensitivitv 
devic es or systems is the inherent noise level. For 
instance, the noise level for an elect! ic galvanom- 
eter or a gravitational weight balance arises from 
the landoin oi Brownian movement of the air mole- 
Miles surrounding the apparatus. In elec^trical 
< in lilts, the noise level arises from the random 
nnwement of electrons in resistors. See Browwivn 
MOM SUNT; Noist, FLK TRIC AL. 

Kxaniples of sensitivity would be visual contrast 
‘'cnsitivity, which is the ability of the eve to dis- 
tiiiguisli between the luminances of adiaient areas; 
galvanometer sensitivity, expressed as the ratio of 
the SI ale deflection in millimeters per microampere 
nipiit , and radio receiver sensitivity, which is actu- 
a!l> pxpiessed in terms of reciprocal sensitivity in 
the form of antenna voltage in microvolts nec’cssary 
to cause a specified output. 

The sensitivity of a radio receiver is a measure of 
*ts ability to reproduce weak broadcast signals with 
"dtisfactory output volume. The sensitivity of a tel- 
evision i ainera tube determines its ability to deliver 
d Usable picture signal under poor lighting condi- 
t*<»ns fj.MR.] 

Sensory learning 

^ term used to describe learning situations in which 
® person or an animal is trained to respond to 
changes in or differences between some aspects of a 
physical stimulus presented to one of the sense 
”*“^ 118 . These studies are not always easily distin- 
Suished from other learning experiments, such as 
osf of conditioning and problem solving. See Re- 
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FLEX, CONDITIOT^ED; PROBLEM SOLVING (PSYCHOL- 
OGv ) . The basis for the sensory learning class lies 
in the convenience of relating a number of studies 
which use more or less similar experimental proce- 
dures, and which provide information about the 
organism’s ability to discriminate sensory cues, to 
learn, and to remember. 

Sensory learning is extensively used in animal 
experiments. An animal is almost always required 
to raise a leg or to press a lever, or to go from one 
plac'e to another in >rder to approach a reward, 
such as food or water, or to avoid an electric shock. 
Since the occurrence of the reward or the punish- 
ment depends upon the presence of a specific sen- 
sory stimulus, the animars task is to respond selec- 
tively to a certain stimulus, such as the presence of 
a high tone, or to choose one stimulus among others, 
for example, to choose a red rathf*r than l green 
color. The animal is said to have learned the sen- 
sory disi rimination, or acc|uired the discriminative 
habit, when it makes the appropriate movements to 
the specified sensory stimulus. Results of such 
studies piovide information concerning both the 
animars sensory c apac itv and teaming ability. 

Sensory learning studies. These mav be divided 
into two groups. The first group includes those 
studies on the normal animal’s sensory capacities. 
Using the method just described, the lower limit of 
an animal’s lapacitv to peiieive a sensory stimulus 
is detc'rmmed by gradiiallv decreasing the strength 
of the stimulus until the animal fails to respond. 
The animal’s differential sensitivity, that is, its 
dhilitv to perceive the difference between two stim- 
uli, is determined hv gradually decreasing the dif- 
ference between two stimuli until the animal ceases 
to respond differentially to them. 

Most experiments on ‘•ensorv learning belong to 
the second group They are studies dealing with 
the localization of biain centers which correlate 
first with the memory of a learned sensory discrimi- 
nation. and second with the c apac ity to learn a sen- 
sory disc riminatiiui. The procedure common to the 
former is first to train an animal to sensory stimuli. 
After the. .1 imal learns a problem, Ruc*h as a color 
discrimination, a relevant neural structure, like the 
fwrtical visual area, is surgically destroyed. If the 
"animal performs successfully on the problem after 
this operation the damaged cortical region is 
judged not critical for maintaining this habit. If 
the animal fails on the problem, this may mean 
either that the operation impairs the sensory capac- 
ity, that is, the animal cannot see the stimuli; or 
that the operation causes amnesia, that is, the ani- 
mal can see the stimuli but cannot remember the 
habit. To determine which alternative applies, the 
animal is retrained on the same discrimination. If 
it relearns the problem, the inference is made that 
the cortical damage does not affect the animal’s 
sensory capacity, but does affect retention of the 
learned response. On the other hand, if the animal 
fails to relearn, it may be inferred that sensory ca- 
pacity is sometimes impaired. However, many fac- 
tors, such as method of training, degree of motiva^ 
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tion, and so on, greatly influence learning, and 
therefore a failure in relearning after brain opera- 
tion is not always correlated with a loss of sensory 
capacity. The animal may still see the stimuli, have 
the capacity to learn, and >et may not relearn be- 
cause of behavioral deficits resulting from changes 
in motivation, attention, and the like. 

A somewhat different procedure is to destroy the 
neural structure first and then to train an animal on 
a sensory discrimination. This method is used to 
localize in the brain the initial learning capacity. 
Most of the studies on human subjects with brain 
injury are of this type. A retarded rate of learning 
by an animal or man with brain injury indicates a 
decreased learning capacity. The destroyed brain 
region is then correlated with a specific sensory 
learning. The same difficulties with respect to dif- 
ferentiating sensory and learning capacities dis- 
cussed above also apply to this procedure. 

Sensory learning in normal animals. These 
studies have been undertaken to determine the 
limits and differential sensitivity of animal senses. 
Results from studies on vision show that chimpan- 
zees and monkeys have visual acuity, detail vision, 
and color vision approximate to that of man (see 
Vision). Lower mammals like cats dogs, and rats 
have poorly developed color vision or none at all; 
but chickens, pigeons, and some fish can dis<’rimi- 
ndte colors. Rats also have poor visual acuity and 
weak detail vision. Experiments on audition show 
that chimpanzees and monkevs can hear slightly 
higher tones than man. while cats, dogs, and rats 
can hear considerably highei tones. All these ani- 
mals have about the same •sensitivity to sound in- 
tensity as man (see Hearinc.). The method of sen- 
sorv learning has also been used to study the skin 
senses, muscle .senses, and smell of many mammals. 
Almost all of these studies show that an animal can 
Ircirn to choose one .stimulus again.st another stim- 
ulus but they do not indicate the limits and the 
range sensitivity. Monkeys, cats, and rats can learn 
to discriminate differences in weights, surface 
roughnesses, shapes of objects, and temperature. 
Chimpanzees have not been trained on temperature 


discrimination but have been studied on the other 
tasks (see Somesthesis). Monkeys and rats can 
learn to discriminate between two odors, and dogs 
can localize meat by odors so faint that the human 
observer cannot detect the .scent (see Sense, chem- 
ical). 

Studies on taste have taken advantage of an ani- 
mal’s natural preference for sweet, weak salt, and 
weak bitter solutions, and his natural aversion to 
htiong .sweet, salt, bitter, and sour solutions. The 
lower limits of ta.ste sensitivity have been deter- 
mined by letting the animals select the preferred 
solution. These studies, like most studies of human 
sensation, are not included under the heading of 
sensory learning since no training: is required, at 
least in regard to the discrimination itself. 

Neural mechanisms of sensory learning. These 
are studied by testing the learning or memory of a 
sensory habit in man and animals with brain le- 
sions. The lesions are usually on those areas of the 
cerebral cortex or within the subcortex, that are 
known on the basis of othei evidence to be related 
to the sense used in the learning problem. Although 
there are many subcortical centers in the brain for 
each of the senses, these centers have not been a*' 
extensively studied as have the cortical sensor\ 
areas. The cortical areas on the surface layer of the 
brain have been demonstrated either anatomically 
or physiologically to receive connections from the 
peripheral sense organs. Figure 1 shows the ap- 
proximate location o^the anatomically determined 
visual, auditory, somatic, and olfactory corthdl 
areas in man. Somatic* area II is the only second 
somatic sensory area identified in man. The darkh 
shaded areas in Fig. 1 are anatomically determined 
regions. The surrounding lightly shaded areas, 
when stimulated electrically, arouse various sensa- 
tions in conscious human patients. Figure 2 shows 
the physiologically determined sen.sorv areas in 
rat, rabbit, cat, and monkey. These are identified 
bv recording changes of electric potentials on the 
cortical surface when the peripheral sen.se organs 
are stimulated. With few exceptions each sense is 
represented twice on the cortex. In the somatic 
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Fig. 1. Diagram of the cortical areas of the humon Anatomy of the Nervous System, 9th ed., SoUlwf^rt/ 
brain. (Modified from S. W. Ranson and S. L dark, 1953) 
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Fig 2. Lateral view of lefi hemisphere of brain show- (From C. N. Woo/sey in Biology of Mental Health 

mg physiological maps of sensory areas of cortex. and Disease, Hoeber, 1952) 


arfds of ihr rat, monkey, and rabbit (Fig. 2). the 
pails of the body are separateK outlined in both 
Himatie areas I and II. The leg area of somatie area 
1 of eal and monkey extend into the medial surface 
Visual learning. Complete bilateral destruetior 
of the cortical visual areas abolishes practicalh all 
visual sensation in man. Partial damage of the vis- 
Urtl areas causes a severe sensory loss in a limited 
atfd of the visual field. The brain lesions in man 
iisiiallv involve both cortical and subcortical struc- 
tures. It is not known whether a man with a lesion 
confined to visual area only can be trained to per- 
<Tive light intensities. Complete removal of the 
visual area in monkeys, cats, dogs, and rats causes 
amnesia of all learned visual discriminations, but 
the animals can relearn to discriminate between two 
hghts of different intensity. This relearning is prob- 
«thlv based on total energy of light rather than on 
light brightness, that is, energy per unit area. These 
rc*sults indicate that only the memory, not the ca- 
paiitv for intensity learning is localized in the 
visual area of these animals. Cats can also relearn 
tu dis« riminate different speeds of movements. Rats 
^ith a small portion of the visual area left intact 
’■‘‘member form discriminations, such as the differ- 
‘‘nce between pictures of a triangle and a circle. 

There are only a few studie.s on the effect of de- 
slroying subcortical centers on visual learning. In 
rats and monkeys destruction of the superior col- 
’v'uli. which are midbrain centers controlling visual 
reflexes, does not affect either the memory of, or the 
ability to learn, a visual intensity and form discrim- 
ination. liObions in thalamic nuclei (part of the 
'halamus in the forebrain), other than the anterior 


nuclear group, cause a slower rate of learning the 
intensity and form discnmiiiutious in rats. 

In man unilateral lesions in the posterior parie- 
tal cortex, a region outside of the visual area, are 
responsible for the clinical syndrome, visual agnosia 
(.see Agnosia). The patient can see an object but 
not say what it is or what its use might he. A man 
with a damaged posterior parieto-tcmporal cortex 
also learns complex visual perceptual problems 
more slowly than normal subjects. In monkeys, bi- 
lateral ablation of temporal cortex causes an am- 
nesia of learned color and form discriminations, 
but relearning i*- possible. Corti(*aI lesions outside 
the visual area increase the rat’s tendency to gen- 
eralize one visual stimulus to another. The 

rats respond more frequently to other, somewhat 
different, form discriminations as if they are the 
originally learned one. The common features of 
these results are that with lesions outside the visual 
area there is no change of visual capacity and that 
the neural mechanisms affected pertain to the mem- 
ory or the meaning of complex visual habits. 

Normal chimpanzees, cats, pigeons, and rats im- 
mediately recognize with one eve a visual discrimi- 
nation that has been learned with the other eye. 
This interocular transfer does not occur in animals 
that are reared from birth in darkness or in an en- 
vironment with no other visual stimuli than diffuse 
light. Such animals can, however, relearn the dis- 
crimination with the originally untrained eye and 
they do so at a faster rate than they showed in the 
origin of learning. The right and left halves of the 
brain normally are interconnected by the optic 
chiasma and the corpus callosum. Catb in which 
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these fiber tracts have been severed do not show in- 
terocular transfer. They can relearn the visual dis- 
crimination through the untrained eye at a normal 
rate. This shows that when the major fiber con- 
nections between the two cerebral hemispheres are 
cut, the memory of a visual discrimination learned 
through one eye is confined to the same side of the 
brain. In addition, infant chimpanzees reared with 
only one eye exposed to normal daylight and the 
other eye to diffuse light also fail to show immediate 
interorular transfer. It seems that the experience of 
seeing through both eyes is essential for the fiber 
connections between the two hemispheres to (unc- 
tion normally. 

Auditory learning. After bilateral ablation of 
the auditory cortical areas, cats. dogs, and rats can- 
not remember discriminations of changes in sound 
intensity or sound frequency, but can relearn such 
discriminations at about the normal rate. Cats with 
these lesions also lose the habit of localization of 
sound in space. The animal relearns this problem 
only when the two sounds are separated by a wider 
angle than that which can be discriminated by nor- 
mal cats. If the cortical lesion does not destroy all 
of the auditory cortex, the animals iisiiallv remem- 
ber these problems to some extent. When the lesion 
includes all the physiologically identified auditory 
areas, plus some of the surrounding cortex, somatic 
area TI. or the temporal and insular area, a cat may 
fail to lemember but can still relearn a frequency 
discrimination. Clearly, the memory of these audi- 
tc»rv problems is localized in the auditory cortex, 
but not the capa(*ity to learn them. 

The auditory areas are necessary, however, for 
both the memory of and the capacity to learn a 
tonal pattern discrimination. A cat with auditory 
cortices removed cannot be retrained to differentiate 
two patterns of three tones such as high-low-high 
from low-high-low. 

Of the many subcortical centers in the auditory 
system, only the inferior colliculi of the mesenceph- 
alon ha\e been studied. After destruction either of 
these structures alone or in addition to an auditory 
cortical lesion, cats show amnesia for learned in- 
tensity discrimination. They are able to relearn such 
a pioblem only when the difference in intensities is 
much larger than the ones they learned before the 
operation. 

Somesthetic learning. In man, a complete de- 
struction of the somatic area I will cause tem- 
porary loss of all types ol sensation. After some 
time, feelings of dull pain, pressure, and tempera- 
ture gradually return in that order. The sense of 
movement and sense of position in space are perma- 
nently impaired or may be totally lost. There is 
also permanent loss of the ability to discriminate 
two touch stimuli on the skin as well as the power 
to differentiate on the basis of touch the superfi- 
cial quality and foim of objects. If the cortical 
lesion involves a part of the somatic area in one 
side of the brain, for example, the arm area, only a 
part of the body opposite to the side of lesion (such 


as the arm) loses the sensations. Patients with in- 
complete lesions of this type usually recover the 
sensations faster and more completely than do peo- 
ple with total destructions. Damage of somatic 
area II in man does not result in any detectable 
sensory disturbance. A sensory loss similar to that 
following removal (ablation) of somatic area I may 
also occur in human subjects who have cortical 
damage in the posterior parietal lobe. The clinical 
syndrome, astereognosis, is caused by a lesion 
either in the somatic area or in the posterior parie- 
tal region (xee Astrreocnosis ) . Patients with 
these types of brain injury can feel an object such 
as an apple and can describe it as smooth, cool, 
and round, but cannot recognize ft. They usually 
have impaired tactile localization and tactile dis- 
crimination of two points. 

After bilateral ablation of the cortical somatic 
area 1, chimpanzees and monkeys do not lemember, 
but can relearn, weight, roughness, and simple so- 
matic object discriminations. The threshold of 
roughness and weight discriminathms is sometimes 
slightly increased, for example the animals can only 
relearn coarse differences in weight and roughness 
Rats retain form and temperature discriminations 
after such a lesion. Both cats and rats lose rough- 
ness discrimination and relearn it at an increased 
threshold. Destruction of the physiologically de- 
fined somatic area II has little effec t on the rnemorv 
of somatic disc riininations in monkeys and rats, but 
impaiis the ability to relearn a roughness discriini 
nation in cats. Whe^ the lesion includes both so- 
matic areas I and II, the effect is like the removal 
of area I alone in monkeys, and more seveie than 
area I lesion in cats and rats. 

Chimpanzees lose the ability to relearn somes- 
thetic discriminations after a cortical lesion Inc lad- 
ing the somatic area I plus the rest of the parietal 
lobe. Monkeys with such a lesion are able to ic 
learn with difficulty the easy discriminations, sue h 
as laige differences in weights and simple objects 
Cortical lesions outside the somatic areas, either in 
the posterior parietal or in the parietotemporal re 
gion also impair the memory of somatic discrimi- 
nation in monkeys, an effect similar to that of de- 
stroying somatic area I alone. These experimental 
results indicate that the memory of, and the capac- 
ity to learn, somatic problems do not reside ex- 
clusively in the somatic areas but also in other 
temporoparietal areas as well. 

Similar to the evidence on interocular transfer, 
the fiber connectives between the two sides of the 
brain are necessary for transfer of somesthetic 
learning from one paw to the other in cats. After 
section of corpus callosum, cats fail to transfer 
roughness, softness, and form discriminations from 
the trained to the untrained paw. They can relearn 
these problems with the untrained paw at a normal 
rate. 

Olfactory learning. Neither the central neural 
connections nor cortical areas of smell have been 
well established. The few studies on olfactory legm* 



ing indicate that, following lesions in a large num- 
ber of neural structures, such as septum, amyg- 
daloid, hippocampus, cerebral cortex, and anterior 
thalamic nuclei, rats retain olfactory discrimina- 
tjons. Only after cutting the olfactory tract is the 
ability to discriminate odors lost and then it Is not a 
memory loss, but a permanent loss of all olfactory 
sensation. After bilateral ablation of anterior tem- 
poral cortex, however, monkeys forget a discrimina- 
tion of orange and vanilla odors. They can relearn 
it only after prolonged training. 

Studies on cortical mechanisms of taste have not 
involved the method of sensory learning as defined 
above. It will be merelv stated in passing that bi- 
lateral ablation of physiologically defined cortical 
taste area in rats causes a decreased discrimina- 
torv ability: that is, the animals accept stronger 
siveet, salt, bitter, and sour tasting solutions than 
the\ would normally. In monkeys a similar de- 
ceased discriminatory ability occurs after destruc- 
tion of the anterior insular and frontotemporal re- 
gion 1'his area has not been clearly demonstrated 
a" the (ortieal taste area in monkeys. See Brain: 

I I AKNING 1 HFORII S. f K.L.C ] 

fiihlioetraphr: C. T. Morgan and E Stellar, Fhys 
lolof'ual Psy(hologyy 2d ed., 1950. 

Separation (chemical and physical) 

\ method used in ehemistrv to purify substances 
or t<» isolate them from other substances, for either 
prepaidtue or analytical purposes. In industrial ap- 
pluatioijs. the ultimate goal is the isolation of a 
liro<iii«t of given puritv, whereas in analysis, the 
pnmarv goal is the determination of the amount oi 
(oiK entration of that substance in a sample, fn 
piiniipie It IS always more convenient to carry out 
quantitative determinations directly on portions of 
the original sample. In cases where the analytical 
methods available aie not sufficiently selec'tive to 
peiinit this direct approach, it is necessary to em- 
pIo\ preliminary separations to reduce the concen- 
tration of, or to remove c*ompleteIy, those substances 
'vhirh interfere in the final estimation. 

Although special considerations aiise in a com- 
parison of separation methods for engineering or 
laboratory analytical purposes because of differ- • 
PS in the scale of operations, the various separa- 
tion processes are based on the .same principles. 
There are three factors of importance to be con- 
sideied in all separations: (1) the completeness of 
leiovery of the substance being isolated, (2) the 
»*xtent of separation from associated substances, 
dnd (,S) the efficiency of the separation. The re- 
covery factor or yield R\ of a separation of sub- 
'^lance A is defined as 


Ha- 


(Qa)o 


^here and {Qa)o are the amounts of A after 
aad before the separation. 
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The ^gree of separation Sb/a of two substances 
A and B is given by the separation factor Rb for 
•B with respect to A, and is defined as 


Although complete separations are usually pre- 
ferred, they are not always necessary in analytical 
applications. The degree of purity will depend upon 
the thoire of the method of final estimation. Some- 
times merelv a reduc'tion in the quantity of foreign 
substance present is enough to simplify the subse- 
quent analytical task. 


The third factor, efficiency, is a measure of the 
amount of work required to obtain a given amount 
of product with a prescribed purity. This consid- 
elation is of much greater consequence in industrial 
sepaialions in which both the scale and the cost of 
the o|>eration are important. 

There are many types of separations based on a 
variety of properties of materials. Among the iiibst 
commonly used properties are those involving 
solubility, volatility, adsorption, and elec‘trical and 
magnetic effects, although others have been used to 
advantage. The m<»st efficient separation will ob- 
viously be obtained under conditions for which the 
differences m properties between two substances 
undergoing separation are at a maximum. 

The common aspect of all separation methods is 
the need for two phases. The desired substance will 
partition or distribute between the two phases in a 
definite manner, and the separation is completed by 
physically separating the two phases. The ratio of 
the concentrations of a substance in the two 
phases is called its partition or distribution coeffi- 
cient. 


In .malytical work the original phase is usually 
a liqrid, that is, a solution c»f the sample, and the 
separation is brought about through the addition oi 
formation of a solid, a liquid, or a gaseous second 
phase. Although the actual separation of the phases 
may be physical in nature, chemical reactions are 
usually requiied to convert or modify the substance 
to a f^r.m which permits the formation of the new 
phase cu the partition of the substance to the sec- 
ond phase. In some separation methods this step 
^ may also be accomplished by physical means. 

If two substances have very similar distribution 
coefficients, many successive steps may be required 
for a separation. The resulting process is called a 
fractionation. 

Based on the nature of the second phase, the more 
commonly used methods of separation are classified 
as follows: 

1. Methods involving a solid second phase in- 
clude precipitation, electrodeposition, chromatogra- 
phy (adsorption), ion exchange, and crystalliza- 
tion. These methods involve a solid second phase 
either through the formation of a slightly soluble 
product, deposition as a metal on the surface of an 
electrode, or by physical or chemical adsorption 
on a suitable solid material. 
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2. The outstanding method involving a liquid sec- 
ond phase is solvent extraction, in which the origi- 
nal solution is placed in contact with another liquid 
phase immiscible with the first. Separations are 
achieved as a result of differences in the distribu- 
tion of solutes between the two phases. Solid mate- 
rials may also be separated by extraction with or- 
ganic solvents. 

3. Methods involving a gaseous second phase in- 

clude gas evolution, distillation, sublimation, and 
gas chromatograph>. Mixtures of volatile sub- 
stances can often be separated bv fractional dis- 
tillation. See Extraction; MASs-iRANsthR opkra- 
TioN. Fc.h.mo.I 

Bibliography: I. M. Kolthoff and E. R. Sandell, 
Textbook of Quantitative Inorganic Analysis, 3d 
ed., 1952. 

Separation (mechanical) 

A group of industrial operation** by means of whic h 
particles of solid or drops of liquid are removed 
from a gas or liquid, or are separated into individ- 
ual fractions, or both. Mechanical separations are 
differentiated from a second large class of separa- 
tions based on mass transfer, in which homogeneous 
mixtures and solutions are divided intii fractions 
by vaporization, condensation, precipitation, and 
diffusion. .See Mass-iransvfr opfration. 

Particle sizes in mechani<‘al separations nia\ 
range from large chunks of crushed rock and ore 
to fine dusts and fogs of particle sizes as small as 
0.1 /i (1 /i is 10 ^ cm). The objective mav be to 
eliminate droplets of fog from a stream of process 
gas, to remove completely solids suspended in a 
liquid, to separate a mixture of particles b> size 
only, or to sort into pure fractions a mixture of 
solid particles differing in chemical composition. 
Examples of these applic-ations are the precipita- 
tion <if ac’id mist in a contact sulfuric a<*id plant; 
the removal of dust fr<»m air, as in an ordinary 
vacuum cleaner; the removal ol solids from a liquid 
su'*peiision in a filter; the sepaiation by size of a 
mixture ot sand and gravel in a screening plant; 
and the sorting of the valuable ore from the worth- 
less gangue in ore dressing. 

The techniques f)f mechanical separations are 
based on physical differences among the particles 
such as size, shape, density, wettability, and elec- 
trical and magnetic properties. Such techniques 
are applicable to separation of liquids from gases, 
solids from liquids, and solids from solids. The 
general methods are to use a sieve, septum, or 
membrane, such as a screen or filter cloth, which 
retains one component and allows the other to 
pass: to use the differential velocities of particles 
f»r drops of different sizes or densities through 
liquids or gases; to use centrifugal force in place 
of the force of gravity in utilizing density differ- 
ences or to develop pressure for filtration through 
a septum; and to u.se differences in the electrical 
or magnetic characteristics of the substances. 

Separation of solids by size alone is called classi- 
fication. When the solids are segregated in accord- 


ance with their chemical composition, the opera- 
tion is often called sorting. Both classification and 
sorting may be achieved in the same equipment. 
Such units are sorting classifiers. See Classifica- 
tion, MECHANICAL. 

Because of the differences in the properties of 
the materials, the wide range in the sizes of the 
particles, and the variety of the tasks performed 
by mechanical separators, many separation devices 
have been invented. Some of the more important 
methods are shown in the table. The techniques are 
grouped accoiding to the phases involved. 


Types of mechanical separator 


Materials Bepaialod 

SepuratorH 

Liquifl-gus 

Settling rhanihers, cyelone separa- 
tors, electnwtatir separators, im 
pingement siqiarators 

Solid-f?H8 

Bag filters, settling chambers, cy- 
clone scpiiriitors, i‘le« t tost at it sepu- 
ratois, impingement sepuiulors 

Liquid-liquid 

(iiuvity decanteiH, liquid cycloiira, 
centrifugal decanters 

Solid-liquid 

Solid-solid 

Filters, clarifiers, thickeners, liquid 
cyclones, filtering centrifuges 

Without sortinir 

Screi‘ns, hydraulic classifiers, centrif 
ugal classifieis 

With sorting 

TTydiaiilic separators, air ^epnnitois, 
jigs and coiich, flotation, elcctio- 
stath sepaiutors, magnetic separa 
tors, sink-and float 


Methods using septums. In liquid-solid filters 
and bag filters, solidykre removed from liquid^ oi 
gases by forcing the fluid bv hydrostatic presmin 
through a filler medium or septum which relains 
the sulids as a cake on the septum and allows the 
fluid to pass through. The cake is then removed, 
continuously or periodic*allv. from the septum. The 
same method is used in filtering centrifuges. In 
screening, perforated membranes or sieves are used 
as sept urns that pass smaller particles and retain 
larger ones. See CrNTRiFiir.ATioN ; Filtration: 
Screening. 

Methods based on fluid mechanics. All other 
methods listed in the table are based on the move- 
ment of particles or drops through fluids. Even in 
the operations listed under solid solid, although 
the objective is to sort or separate one size or kind 
of solid from another, the techniques require the 
presence of a fluid, which is added deliberately to 
suspend the solid for further manipulation. After 
the solids have been separated bv size or kind, they 
are removed from the fluid, which is discarded or 
reused. 

Gravity, unaided by other forces, is relied upon 
to treat relatively coarse particles and drops in 
settling chambers, gravity decanters, most clarifiers 
and thickeners, hydraulic classifiers, sink-and-float 
hydraulic separators, and jigs and cones. Gravity n> 
also the active force in flotation. Here, air bubble** 
are selectively absorbed by one of the finely divided 
solid components suspended in a liquid. The effac- 
live density of the aerated particles is so reduced 
that they float to the top of the liquid, and removal 



of the froth containing these particles completes 
the separation. See Clarification; Flotation; 
Sedimentation (industrial). 

Sink-and-float is an example of hydraulic meth- 
ods. It is used where the two solids have a con- 
siderable difference in density. The two materials, 
screened to about the same particle size, are sus- 
pended in a rising stream of liquid having a density 
larger than that of one of the solids and smaller 
than that of the other. The heavier solid sinks 
through the liquid and settles on the bottom of the 
equipment. The lighter solid rises through the 
liquid and floats out of the top of the separator 
with the liquid. The liipiid is then removed from 
the lighter solid in an external settler and returned 
for reuse. 

Centrifugal force is used in place of gravity 
when the force of gravity is too weak to give rapid 
separations. It is used in all centrifuges and also 
in air separatiirs and cyclone separators. In the 
latter, a swirling rotary motion is imparted to the 
liquid or gas carrying the solid or drops. The 
particulates are thrown out by centrifugal force to 
the wall of the cy<-lone. where they are collected 
and removed. Sec Dust and mist uoi.lection. 

Impingement seimrators act on the principle that 
vvlicii a fluid, ordinarily a gas, is given a sharp 
c'liange in direction, any particulates therein, be- 
cfui'«e of their inertia, do not conform to the new 
direction of flow, but continue to move nearly in 
tlieir original directum. Then they strike the solid 
surfaces of the equipment, which may (tonsist of a 
l)cd of solid shapes, a series of baffles, a bed of 
liqiiid-c<ivered fibers, or other collecting surfaces 
Ihc purtii'les striking these surfaces coalesce and 
arc removed from the gas stream. Many entrain- 
ment sejiaralors use this principle. The oil-covered 
jilass-fiber units used in household air filters arc of 
this lype. 

Klcctrostatic and electromagnetic forces are used 
to drive very small partic.les of solid or liquid 
through gases or liquids at rates impossible to 
achieve by other driving forces. Electrostatic pre- 
cipitators are used to remove dust and fog com- 
pletely from streams of gas. Electromagnetic and 
electrostatic separators are used to separate sub- 
stances differing in electric properties and which, 
hecause they have nearly the same density, could 
not be separated by gravity or centrifugal force, 
•''ce Electrostatic precifitator ; Magnetic sepa- 
katioiv methods; Separation (chemical and 
t*HYsicAL) ; Thickening; Unit operations. 

|;W.L.M.] 

f^ibliography: W. L. McCabe and J. C. Smith, 
Operations of Chemical Engineerings 1956; 
•I* H. Perry (ed.). Chemical Engineers* Handbook, 
■W ed., 1950; A. F. Taggart (ed.). Handbook of 
Mineral Dressings 1945. 

Sepioidea 

An order of the molluscan subclass Coleoidca. The 
jnembers of this order are abundant as shore- and 
bottom-dwelling forms in marine environments. 
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Sepia, Spirula, and Sepiola arc common examples 
of this order. Voltzia palmeri, reported from the 
Upper Jurassic, is the oldest fossil sepioid. In 
Sepia, one pair of tentacles is elongate and capable 
of retraction into pit.s at their base. The eye is 
highly developed in this group, an internal shell is 
present which in some sper:ies (Spirula) is partly 
external, the fins are separated po.steriorly, and 
chromatophores arc present in the dermis. The 
shell of Sepia is the ciittlebone of commerce. See 
CoLEOlDEA; DeCAPODA (MoLLUSCA). [ C.B.C. ] 

Sepiolite 

A complex hydrated magnesium silicate 
(Mg3Si|0n*4Hi;0) with a type of fibrous crys- 
tallization remotely related to that of the amphi- 
boles. In some instances the fihrosity is pronounced, 
but the typical, more familiar occurrences are mas- 
sive interlacings of disoriented fibers in aggregates 
so porous that they float, leading both to the name 
sepiolite (alluding to ruUlefish hone) and the (ref- 
man name Meerschaum or “sea foam.” Sepiolite 
crystallizes in the monoclinic system. It has a 
hardness of 2.0- 2.5 and a specific gravity of 1-2. 
The mineral is an alteration product of massive 
serpentine, and is roinmoii, hut best known from 
Asia Minor and (Ireece. 

The soft stone is easily carved, takes a high pol- 
ish with wax, and hardens when warmed — proper- 
ties which have led to widespread use for pipe.s and 
cigarette holders. [w.f.br.] 

Septibranchia 

A small order in the class Pelecypoda. the bivalve 
molliisks. 1'he anterior and posterior adductor mus- 
cles are about equal in size, and the foot is long and 
slender The mantle remains partially open and 
there arc two siphons. The gills have disappeared 
as respiratory organs and have become a pumping 
mechanism by being transformed into a muscular 
septum. Oxygen is obtained through the walls of 
the siiprabranchial chamber, the water being con- 
veyed through pores in the muscular septum. 

All species in this order are carnivorous and all 
are marine. They are found in waters varying from 
a few fathoms to great depths. See Pelecypoda. 

[w.j.c;.] 

Septic tank 

A single-story settling tank in which settled sludge 
is in immediate contact with sewage flowing 
through the tank while solids are being decom- 
posed by anaerobic bacterial action. Such tanks 
have limited use in municipal treatment, but are 
the primary resource for the treatment of sewage 
from individual residences. There are probably 
well over 4,000,000 septic tanks in use on home 
disposal systems in the United States. Septic tanks 
are also used by isolated schools and institutions 
and for sanitary sewage treatment at small indus- 
trial plants. 

Home diepoeal units. Septic tanks have a ca- 
pacity of approximately 1 day’s flow. Since sludge 
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ib collected in the same unit additional capacity is 
provided for sludge. One formula for sludge stor- 
age that has been used is 0 » 17 + 7.5y, where Q 
is the volume of sludge and scum in gallons per 
capita per vear, and y is the number of years of 
service without cleaning. About one-half of a 500- 
gal tank ib occupied by sludge in 5 years in an 
ordinary household installation. The majority of 
the states requite a minimum capacity of 500 gal 
in a single tank Some states require a second com- 
partment of 300 gal capdcit>. Single- and double- 
compartment tanks arc shown in Figs 1 and 2 
Such units are buried in the ground and are for- 
gotten iinlil the system gives ttouble due to clog- 
ging or overflow. Commercial scavenger companies 
are available in most areas A tank truck equipped 
with pumps brought to the premises and the 
tank content is pumped out and taken to a sewer 
manhole or a treatment plant for disposal In rural 
areas the sludge may be buried in an isolated plac e 


hanging baffle 



domestic tank with 
Hamilton gas deflector 

Fig. 1. Circular household septic tank. (From H E 
Bahbiff and E R Baumann, Sewerage and Sewage 
Treatment, 8th ed , Wiley, 1958) 



Fig. 2. Two-compartment rectangular household septic 
tonk. (From H k. Babbitt and E. R. Baumann, Sewerage 
and Sewage Treatment, 8th ed., Wiley, 1958) 


Municipal and institutional unita. These are 
designed to hold 12-24 hours’ flow, with additional 
sludge capacity provided. Provision is made for 
sludge withdrawal about once a year. Desirable 
features of design are (1) watertight and corro 
sion-resistant material (concrete, and well-pro- 
tected metal have been used) ; (2) the tank must 
be vented; (3) manhole openings in the roof of the 
tank to permit inspection; (4) baffles at the inlet 
and the outlet lo a depth below the probable scum 
line, usually 18 24 in. below the water surface, 

(5) sludge draw-off lines — although seldom used, 
they should be designed so that they can be 
rodded or unplugged by some positive mechanism, 

(6) hoppers or sloped bottoms so that digested 
sludge can be withdrawn as required; (7) provi 
sion for safe handling of septic tank effluent by dis- 
posal underground or by chlorination before dis 
charge to a stream, or both 

Tank efficiency. Septic tank effluent is danger 
ous and odorous It will contain pathogenic bade 
ria and sewage solids Particles of sludge and scum 
are trapped in the flow and will cause nuisance at 
the point of discharge unless properly handled 
Efficiency in removal of solids is less than that for 
plain sedimentation. While 60^ suspended solid'- 
removal is used theoretically, it is seldom obtained 
in practice Improvement is noted when tanks are^ 
built with two compartments. Shallow tanks gi>e 
somewhat better results than very deep tanks Srr 
SFWAC^t IRI-ATMFNl. |wril 

Bibliography: O.S Robert A. Taft Sanitary En 
gineering Center. Studies on Household Sewagi 
Disposal Systems^ U S. Public Health Serv., pts 
1. 2. and 3. 1949. 1950. and 1954 

Septicemia 

A condition in which infection is disseminated 
throughout ihe body in the circulating blood bv 
microorganisms or their poisonous products. The 
condition has also been called blood poisoning 
Bacteria may be recovered by culture of the blood 
in bacteremia Virus may also invade the blood 
stream as in viremia. Frecpientlv there is a rerog 
nizable primary focus of infection. For example, m 
diphtheria, Corynebacterium diphthenae is found 
in the nose and throat from where the diphtheria 
toxin is circulated in the blood throughout the 
body. The principal manifestations arc fever, chilh 
generalized aching, and severe prostration. Prior to 
the availability of the sulfonamide drugs and anti 
biotic s the fatality rate in septicemia was high, 
with present-day methods of treatment these infec 
tions can often be brought under control. See Bac 
TERIOLOGY, MFDICAL; DIPHTHERIA. [pB.BM 

Sequoia 

The giant sequoia or big tree (Sequoia 
occupies a limited area in California and is said 
to be the oldest and most massive of all 
things. The leaves are evergreen, scalelikc, an 
overlapping on the branches. In height acqufliB ® 
close second to the redwood (300-330 ft) la** 




fo) Sequoia giganfia (b) Overlapping scalelike leaves 
on branch and a cone (USDA) 


iiunk is more mdbsive (<er Rfdwood) Sequoia 
fries nidv be 27 30 ft in diameter 10 ft from ih 
ground The <ttump of one tree showed 3400 annual 
lings >ee Stfm (botany) The red-brown bark is 
1 2 ft thick and spongy (see Bark). Vertical 
grooves in the trunk give it a fluted appearance 
I he lieartwood is dull purplish-brown, lighter, and 
mine brittle than that of the redwood (ue Xylem ). 
Beidiise the loss in felling the trees is so great, 
the logs so difficult to handle, and the wood so 
brittle, sequoia is almost no longer marketed The 
%(M>d dnd bark contain much tannin, which is prob- 
ably the cause of the great resistance to insect and 
fungus attack. The most magnificent trees are 
vvilhm the General Grant and Sequoia National 
Parks, where there are many individual tiees 25 ft 
*n diameter, containing 500,000 board ft and np 
and (irobably 3000 vears old. The largest specimen 
weighs about 6000 tons. Giant sequoia is sometimes 
grown in the eastern United States and responds 
well to cultivation in the British Isles and in Cen- 
tral Europe See Forest and forestry; Tree. 

[a H.C.] 

Series 

Ibe indicated sum of a succession of numbers or 
f^rms Senes are used to obtain approximate values 
mhnite re(>eating decimals, to solve transcenden- 
W equations, to obtain values of logarithms or 
^^igonometric functions, to evaluate integrals, and 
solve boundary value problems. 
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For a finite series, with only a limited number of 
terms, the sum is found by addition. For an Infinite 
series, with an unlimited number of terms, a sum or 
value can be assigned only by some limiting proc- 
ess When the simplest such process yields a value, 
the infinite series is convergent. There are many 
tests for convergence which enable one to learn 
whether a sum can be found without actually find- 
ing it. 

If each term of an infinite series involves a varia- 
ble X and the senes converges for each value of x 
in a certain range, the sum will be a function 
of jr Often the sum is a given function of x, fix), 
for which the series having terms of some given 
foim IS desired. Thus the Taylor’s series expansion 

/<.)-£/■•>(«) **^,‘4’ 

fi-0 ”>• 

can be found for a large class of functions, the 
analytic functions, and represents such functions 
for sufficiently small values of \x — a\ For a muc\i 
less restricted type of function on the interval 
— TT < X < TT, d Fourier scries expansion of the 
form 


yiAe -h H {An cos nx -f Bn sin nx) 
i 

ran be found 

Finite series. Here the problem of interest ia to 
determine the sum of the first n terms. 


Sn = Uo + ttl + tti + * * + Un 1 


when Un is a given function of n. Examples are the 
aiithmetic series, with m« = o -t- nd and — 
(n/2)\2a+ (n — l)dl, and the geometric series, 
with Un = «r" and Sn = a(l — r*)/(l — r). See 
ProcR’ ssion (mathfm atics) . 

If i> IS any function such that w, i — “ **n, 

then S„ = Un — For methods of solving this 
difference equation Ai*n •* Un, see iNTFRi'OLAnON. 
For example, if Un >» any polynomial of the nth 
degree, then Wr will be a polynomial of the 
(n + l)st degree. In particular. 


1 + 2 f 3 + 

^ «(»+!) 

+ n- -2 - 

% 

1* + 2* + 3* + 

^ , n(»+l)(2n+l) 

+ 6 

1» + 2* + 3» + 

n*(n + 1)* 

+ "*- ‘T 

As an example with Un a rational function of n, 
from e 

-1 __ 
n+ 2 n 

>1 1 

+ 1 (n + 2)(n+i) 

it muy be concluded thfit if 

1 

(n+l)(n + 2) 

then 


Convwfsnc* and divarganca. An infinite seriea 
is the indicated aum of an unlipiited number of 


terma 
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Bo + III + 1*2 + • • + Bi, + • 

on 

or more briefly Yi or simply Sun 

n-O 


read “sigma of Uj,** The sum Sn of the first n 
terms is known as the nth partial sum. Thus Sn 
is the finite sum 


fi- 1 



It as /I increases indefinitely or beromes infinite, 
the partial sum S,, approaches a limit S, then the 
infinite series is convergent. 5 denotes the sum 
or value of the series. For example, if |r| < 1, 


1 — r 
and 

‘ *"(«+ l)(n + 2T ■ 


since 



1 since Sn * 1 7"7 

n -I- 1 


ff, as n becomes infinite, the partial sum S,, does 
not approach a finite limit, then the infinite series 
^u„ is divergent. For example, SI iliveiges. since 
here S„ = n becomes infinite with n Also K 1)" 
diverges, since here ,Sn = *" ( * l)"*M which 

is alternately one and zero. 

It follow.s from the definition of S„ that Sfni — 
Sn =" Ww. For a convergent series, one mav take 
limits in this equality and so deduce that 

lim u„ = S — S - 0 


Thus, if as n becomes infinite, either f/„ approaches 
a mmzero limit or i/„ fails to approach a limit, the 
series must diverge. This checks the earlier conclu- 
sion about 2^1, with lim = 1. and also that about 
1( ll", where i/„ = ( — 1)” does not approach a 
limit. 

A convergent seiies remains convergent if a 
finite numbei of terms is added, removed, or 
< hanged either ut the beginning or distributed 
throughout the series. This changes all .S,, after a 
certain point by the same finite constant. Thus the 
limit .S is ( hanged bv this same constant, but there 
IS no change in the fact of approach to a limit. 

Positiie relies. These are seiies each of whose 
terms is a positive number or zero. For such series, 
the partial sum increases as n increases. If for 
some fixed number A, no sum ever exceeds /<, 
the sums are bounded and admit A as an upper 
bound. In this case, must approach a limit, and 
the series is convergent. If every fixed mini her is 
exceeded bv some Sn. the sums are unbounded. In 
this case. Sn must bec'ome positively infinite and 
the series is divergent. The tests for convergence of 
positive series are tests for boundedness, and this 
is shown bv a comparison of S„ with the partial 
sums <)f another series oi with an integral. 

The integral test. Let the function f(x) be posi- 
tive and alway« decrease as r increases for x 
greater than ni, some fixed positive integer. Then 


the series with Un “ converges if the 

integral 

dx 

converges. The series diverges if the integral di- 
verges. The principal application of this test is that 
with fix) = where p is any positive constant. 
The result is that the series 


converges if p is greater than 1 and diverges if p 
is less than or equal to 1. Such divergent series as 


oo 1 

n—1 ^ 


or L f 

n-l Vn 


illustrate that series may diverge and still have 
lim Un =■ 0. The slow divergence of 


1 

n—l W 

fiidv be seen fiom the fact that over 10' teims 
must be taken to make the partial sums excised 
1000. 

Comparison te^ts I et k be any positive constant, 
a positive series to be tested, and a posi 

tive series known to be convergent Then if //„ * » 
kfn for all n greatei than si>me fixed integci w, 
the series 2i/r, con\erges. 

If Irf,, is a positive series known to be dixeigent 
and Un -- kiln for •fl n greater than some fixed 
integei m, then the series is divergent. 

As corresponding tests involving limits, if 

lim = L 

n-*n Cn 

where L is a finite limit, then X//„ conveiges. But if 

(L>0,L~ +«) 

fl (in 

then the series is divergent. 

The ratio test. For positive series, the simple 
ratio test is based on a consideration of 


|. Wn+l 

lim - / 

n-*oo Un 

If t is less than unity, the seiies converges. If t is 
greater than unity, or if the ratio becomes posi- 
tively infinite, the series diverges. 

If f = 1, no conclusion can be drawn directly 
But in many such cases 

!!:?>. !_* + £ + 

Un n n* 

may be written. In this case the series converges if 
6 > 1, and diverges if 6 ^ 1. 

Cauchy’s test, which is related to the ratio test 
but depends on a single term, is as follows. If for a 
positive scries 

‘^^y^n ^ r < I for all n greater than m 

the series converges. If ^ 1 for an infinite nun?' 
her of values of n, the series diverges. 



Alternating series. These are series whose terms 
are alternately positive and negative. For such a 
series, if each term is numerically less than the 
preceding term, and 

lim iin » 0 

n-Ho 


the series converges. An example is 

For such a series, the difference between S„, the 
ath partial sum, and S, the sum of the series, is 
numerically leas than the first unused term, Un- 

Absolute convergence. For any series which 
may have both positive and negative terms, the 
series of absolute values, ^\un\^ is a positive series 
whose convergence may be proved by one of the 
tests for positive series. If il|Mn| converges, then 
lun necessarily converges and is said to converge 
absolutely. The sum of an absolutely convergent 
scries is independent of the order of the terms. 

Conditional convergence. A series which con- 
verges but which docs not converge absolutely is 
said to be conditionally convergent. For such a 
•-erics, a change in the order of the terms may 
cliarige the sum or cause divergence. In fact, by a 
siiitabb? n^arrangemeiit. any sum may be obtained. 
'Pile serif's 1 — -f % — ■ * • 'is conditionally con- 

vergent with sum log., 2. The rearrangement 1 
' . ‘ 'i -+ V. -I- Vi* — 14 i- • • • obtained by taking 
l>loi ks of two positive terms and then one negative 
tciin is conditionally convergent with sum % log.- 2. 

Operations on series. Two convergent series ma^ 
always be added termwise to give a convergent 
scries. If = S and = T, then + 

v„) = S T. If both series are absolutely con- 
vergent. then the double series ^^UmVm where m 
and n each run from 1 to infinity, converges to the 
product ST absolutely, and so does any rearrange- 
ment. Til particular, this is true for the Cauchy 
product, with uoVn + MiVn-i + •••+«« it^i “P WnVo 
as its (n + l)st term. 

If lun and ^Vn each converge, and if the Cauchy 
]»roduct series converges, its sum is ST. This will 
necessarily be the case if at least one of the series 
converges absolutely. 

In any convergent series, parentheses may be in- 
wted to form a new convergent series, with the 
same sum. But the removal of parentheses may 
Convert a convergent series to a divergent one, for 
example 2(1-1) *= 0 becomes 2^-l)^ which 
diverges. 

Power series. These are series with Un * tinX^, 
I* nr such a series, it may happen that 


lim 

n-*eo On 


A 


^ * 0, the series converges for all values of x. 
* ^ 0, the series converges for all x of the in- 

terval —\/A < X < \/A, It will diverge for all x 
|a:| > \/A, For any power series, the interval 
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of convergence is related in this way to a number A 
given by the superior limit of 



Similar remarks apply to the series with Un - 
Un(^ — c)". Here the interval of convergence is 
|x — c| < l/A^ where A may be 

lim I — I or lim ^\an\ 

I Un I 

if these limits exist. In any case, A is equal to the 
superior limit, 

fim\?T^ 

One of the most important power series is the 
binomial series: 






(m — a + 1) 


n! 


x" + 


When m is a positive integer, this is a finite sum of 
m -h 1 terms which equals (1 -f by the bi- 
nomial tbettrem. When m is not a positive in- 
teger, the interval of convergence is - 1 < x < 1, 
and for x in this interval, the sum of the series is 
(1 f x)"*. .See Binomial thkorem. 

The sum function of a power scrie.s is continuous 
inside the interval of convergence. If the series 
converges at either end of the interval, the fiinelion 
is continuous at this end. Inside the interval of 
convergence, a power series may be integrated 
termwise. At any point inside the interval, it may 
be differentiated termwise. For example, from the 
series 


-- -« 1 + T + ar* + 
1 — a; 


differentiation gives 


for - 1 < X < ] 



■ + H- • 

Integration gives 

„ , X* ** 

■x»+' 

log, (1 - X) - -X - -- - -g - 

n + ] 

Since this converges when 

X = 1. log,. 2 


Taylor series. Lei the power series I,an(x — r)" 
have the sum function /(x). Then ao * /(c), an - 
and the .series is the Taylor series' of 
/(x) at X * c. Thus, every power series whose in- 
terval of convergence has positive length can be 
put in the form 

m +/'(c) • • • 

+/»(4*-^+ ■■ 


where /(x) is the sum function.. 
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The Maclaurin series is the special case of Taylor 
series with c » 0 

fix) - m +/'(o) + +/‘"’(o) ^ + 

Remainder term. For any function which is finite 
together with all of it^ derivatives for i: - r, the 
difference between the function and the first 
(n + 1) terms of its Taylor series is the remainder 
Rn- For a suitable value xi in the interval r < 

«i < X, 


which is Lagrange's form for Rn- This gives * 
r + dh, where h ^ x — and is a suitable value 
between 0 and 1. It is true that, if A 0, 0 > 
l/(n 4 2). Cau<hy’8 form for Rn is 

/jfi-fi 

/f*/(n+i)(r + dA)(l — 

nl 

This may be used to prove that the binomial series 
converges to (1 + x)*", by showing that /in 0 as 
00 . Lagrange's form for Rn mav be used to 
show that 


c** l + * + ^4- 
. or* 

JC* r* 


X” 

+ -7 + 
fi! 


are each Maclaurin series valid for all values of x. 

Operations on power series. Two power series 
la„(x--r)" and 2i4n(r — c)" may be added or 
multiplied by the Cauchy product rule. The result- 
ant senes Hill converge in an interval at least as 
large as the smaller of the intervals of convergence 
of the two given series The first series may be 
divided bv the second, provided that the divisor 
senes is not zero at x * r, to give a series for the 
quotient with some nonzero interval of convergence 
A Tdvlor series with constant term c mav be sub- 
stituted in another series about x = r. A power 
series ma\ be inverted, that is if y ^an(x — r)**, 
with ui 7 ^ 0 , there is an expansion x = ^bn(y 
flo)** where bn = c, and the other bn may be found 
by substitution. 

Complex series. The series Sz„, in which the 
general term is the complex number Xn 4- fyn, with 

■= ~L is said to converge to ^4 + iB if Sxn = A 
and Syn * B- Thus the tests for real series may be 
made on Ixn and or the positive series ]S|z„| 
may be tested. If this converges, the given complex 
series converges absolutely, and necessarily con- 
verges. 

Complex power senes. The series with Un ■■ 
where the On » Pn + iQn are now complex numbers, 
and the complex variable z » x + I'y, are of great 
importance in the theory of analytic functions of a 
complex variable. More generally, power series oc- 


cur in (z — c), with Un » an(z — c)’*, where c is 
any complex number. There is always a radius of 
convergence R » 1/^4, where A may be 


lim 


giH-l 

Ofi 


or 


if these limits exist. In any case, A is equal to the 
superior limit 

Gin 


If A is finite and not zero, so is /?, and there is a 
circle of convergence |z — c| < J? within which the 
series converges. If /4 « 0, the series converges 
for all values of z. If /4 * oo, /i = 0, and the series 
converges for no value except z » r. For example, 
i.n!z" converges for z * 0, but for ho other values 
of z, S(z - 3^/2*^, with A ^ Mn R = 2, converges 
[to 2/(5 -z)]for lz-3| < 2 ; Sz Vn ! , with y4 = 0, 
/? = 00 , converges (to e^) for all values of z. 

Uniform convergence. Let each term of a senes 
be a function of z, On - gn (2) - Let Sn be the sum of 
the first n terms, and S the sum to which the series 
converges for a particular value of z. Then Rn = 
S — Sn IS the remainder after n terms, and for the 
particular value of z, lim Rn must equal zero If, 
for a given range of z, it is possible to make Rn{z) 
arbitrarily small for siifficientlv large n without 
specifving which z in the range is under considera- 
tion, the series converges uniformly The Weier 
strass comparison test may be used to test for uni 
foimity. If l//n is* d convergent series of positive 
constants, or a unifontilv convergent scries of posi- 
tive terms, and |a„| ^ f/n in the range considered, 
then ^i/n conveiges uniformly in the range. For a 
uniformly convergent series, if each iinfz) is con 
tinuous, the sum function .S(z) is continuous A 
uniformly con vei gent series may be integiated 
termwise. If the differentiated series converges 
uniformly, the series may be differentiated teim 
wise. 

Analytic functions. A function /(z) is analytic 
in a two-dimensional region if, at each point of the 
region, the derivative /'(z) exists. A uniformly con 
vergent series of analytic functions has a sum func- 
tion which is analytic and, in particular, may be 
integrated or differentiated termwise. These results 
all apply to any power series whose radius of con- 
vergence R is not zero, since every power series 
Sflnfz — c)" converges uniformly in any circle 
|z — r] < /li, where R\ < R. Thus the sum function 
/(z) * Sanfz — c)** is an analytic function of z for 
any z such that |z — c| < R. For such z, the function 
/(z) possesses derivatives of every order, each ex- 
pandable in a series obtained by termwise differen- 
tiation. Each such series has the same radius of con- 
vergence R. The power series is necessarily the 
Taylor series of the function /(z), so that an ^ 
fi^y{c)/n\. If a function is single-valued and ana- 
lytic in a two-dimensional region of the complex 
plane, and c is any point inside this region, then 
there is a Taylor expansion /(z) ■ 
c)^/nU Its radius of convergence R is at least as 
great as the largest circle with center at Cp all of 
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whose interior points are interior points of the 
given region of analyticity. 

Fourier series. Let f{x) be a periodic function 
of period T, so that /(*+ T) - /(*). Then the 
Fourier series for /(x) is 

OD 

Wn COS ncjx + Bn sin ruax) 

n-l 

where o> « 27r/T and 

if - ^ V(*) ^ ^ 

Bn 8>n nwv dx 

That ife, A is the average of f(x)^ An is twice the 
average of f(x) cos tkdt, and Bn is twice the aver- 
age of f(x) sin nuiX over any interval of length T. 
Because of the periodicity, it is immaterial which 
interval or value of a, is used. If, in each interval 
of period T, the graph of f(x)n which need not be 
lontinuous. is made up of arcs which collectively 
have finite length, then the Fouiier scries neces- 
sarily converges to f(x) at each point where fix) 
IS (ontiniious. At each point of discontinuity, the 
series converges to ¥ 2 \f(x—) 4 /(^4-)l. the aver- 
age of the right- and left-hand limits. If f(x) is 
(ontinuous at all points, and has a uniformly 
hounded derivative, the senes will converge uni- 
tot ml \ fot all values of t 
A Fourier series may always be integrated term- 
wise, but it may not be permissible t<i differentiate 
suth a series termwise unless f'(x) satisfies some 
condition for development in a Fouiier series, 
Fourier sine series. On the interval 0 < a: <* L, 
the Fouriei sine series 


where 


fix) 


00 

^ Bn Sin nu)x 

n«-l 


« =• r/L and Bn 




Sin max 


dx 


may be considered as the Fourier series for the 
function F(x) which is odd, F(x) = — F(— jc), of 
period 2L, F{x + 2L) = F{x), and which equals 
fix) on the interval 0 < x < L, Thus if f{x) was 
an odd function for —L < x < L, the sine series is 
valid inside this interval. 

Fourier cosine series. On the interval 
the Fourier cosine series 


00 

f{x) A + cos max 

n-l 

where oi — r/L A f{x) dx 

2 i*Zi 

"td * I Jo ^ 

may be considered as the Fourier series for the 
function F{x) which is even, F(x) «• /*(— x), of 
period 2L, F{x + 2L) » F(x), and which equals 


f(x) on the interval 0 < x < L. Thus if f{x) was 
an even function for — L ^ x § L, the cosine scries 
is valid inside this interval. The sum of the sine or 
cosine series is always %(F(x— ) 4-F(x4-)] for 
each value of x, so that the sum is F{x) at each 
point of continuity. 

Cesaro summabilityn Let Sn be the sum of the 
first n terms of a series 2un, and form the sequence 

Ci^Si/l, Ct~H(Si + S^, .... 

« *-l 

If lim Cn^ L 

n-*oo 

exists, the series is said to be siimmable in the 
sense of Cesaro, or Cfl) to L. A convergent series 
with sum S is necessarily summable Cfl) to S, 
but a divergent oscillating series may be summable 
Cfl). For example, if Un = (—1)", the series is 
1 — 1 + 1 “ * • • which diverges. But Sk * 1 and 
0 alternately, and L = V*. Thu^ the series is sum- 
mable Cfl) to ¥>. 12 . value also made plausible from 
consideration of the limit as x 1 of the identity 

7 “^ — = l- x4'X*-x*4- 

There are other more elaborate methods of sum- 
mability bv which sums can be assigned to certain 
divergent senes. 

The Fejer theorem. There are continuous func- 
tions whose Fourier series do not converge. But, 
for any continuous periodic function, the theorem 
of Fejer asserts that the Fourier series is always 
summable Cfl) to the function for every value 
of X. 

Co/I i;ergenrc in the mean. Let /fx) be of period 
r, and 

Tn = a 4” 23 ^wx) 

**"i 

be any trigonometric sum of order /i 1. Then Tn 
may be regarded as an approximation to /fx), and 
the degree of the approximation may be measured 
by the average of the square of the error, 

* En-\S:^^m*)-Tn{x)Vdx 

Then 

En^\ l/(*)l* dx-A>- H L + B**) 

• +(A-a)* + H Z - «*)* + (Bk ~ 6*)* 

Jb»l 

This shows that, for all trigonometric sums of 
given order, 5n, the one formed with Fourier coeffi- 
cients, a At Uk ^ Akt file ** Bkf makes the aver- 
age error least. Moreover, for any function such 
that 

[/(*)!*<& 

is finite, as n becomes infinite the limit of En, the 
average squared error for Sn, is aero. Thus 
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[f(x) - S»(*))* <i* « 0 

This is the condition for the trigonometric sums Sn 
to converge in the mean to f[x). 

Integration. If the sequence S„(x) converges in 
the mean to /(x)^ and g(x) is any fixed function, 
it is true that 


00 

£ 


1 


22Jb-1^2Jb 


where the B 2 k are rational fractions, the Bernouilli 
numbers. B-j = %, = — %o, Bo = Ws. For n odd, 

Bn is zero unless n = 1 , and Bi = — These fin 
are the coefficients in 


lim J S„(jr)g(x) rfjr = J /(x)g(x) dx 

for the same limits on the integrals in both mem- 
bers. That is, the series with partial sums S,,(jr) 
may be integrated termwise, and the same is true 
of the series with partial sums g(jt)S„(r). This 
fact mav be used to derive the formulas for the 
Fourier coefficients in terms of integrals which 
were given above. 

Again, if T„(jc) converges in the mean to g(:r), 
it is true that 

lim J dx = J f(x)g(x) dx 

with ihc same limits on the integrals in both mem- 
bers. From this Parseval’s identitv may be deduced, 

dx ^ 

where A\ 4i,\ B^ are F^mrier coefficients foi g(jr). 

Examples of Fourier series. For —t <' x ^ tt, 
there is a series 


sin a\ 

^ 2 sin air / sin x 2 sin 3 sin 3:t 
TT 2 ^V^ 

TIh* analogous expansion tor cos ax, with x 
and a - z T leads to 


) 


1 2z 2z 2z 

‘ ■ s 2 * - 2 V s* - 3 V 

The expansion for cos «r is valid for x = tt. With 
this and a = Z/'t. it gives 


cot 2 


1 2 z 2z 2z 

z z*- IT* ^ z*- 2*ir*‘^P- 


The last two expansions hold for any complex z 
for whii h no denominator is zero. 

Infinite product for the sine. A series for 
log, I (sin 2 ) z] may be found from the expansion 
of col 2 - 1/Z b\ integration. This leads to 


sin 2 • 


T*)(^ 2 v)(^ 



the infinite product for the sine. Putting z = ir/2 
leads to 


ir_2-2-4-4-6-6 • 

2 “ 1 . 3 • 3 • 5 • 5“’7 

whh h is Wallis’s product. Equating the z** term on 
the right with the term — 2 V 3 ! in sin z gives 


1 32 42 ■*" 


This is a special case of 


6 


e' - 1 n-o n! 
They occur in such expansions as 

£ {2k)\ 

X *-1 (24)! 


1 “ ( 2 - 22 *)(-l)* 

CSC 2 ; = +2^ fi2Ap^ 

X M (24)1 


Stirling’s formula for ml. The expansion 
log^ (tii!) = log,. ^ 


”^S2r(2r-l)^ 


leads to a divergent series if B„ is omitted ainl 
00 . Blit the seri^ is asxmptotic in the sense 
that fi„ is alwavs niimericallv less than the last 
term in the sum which involves fi^h. Thus for laige 
m, a few terms of the sum give a good approxima 
tion. This leads to Stirling’s approximation to ml, 
w! ^ \ 2 r;n m'"c For m — > 00 , the absolute ei- 
ror becomes infinite, but the peicentage erroi is ol 
the order of pvi-w l/\2m which is small even 
for moderate m. 

Applications of series. Series sometimes appear 
in disguised form in arithmetic. Thus the ap- 
proximation of a rational number by an infinite 
repeating decimal is really a geometric series. 

% * 0.3 being a scries with Un * ^ 10 ’**’ with sum 
Ml. It is possible to use 1 = 0.9 to find the frac- 
tion represented. For example 0.285714 equals 
285714/999999 = 2/7. 

Roots arc often conveniently found by the bi- 
nomial series. For instance, for small x, (If* 
r) V" 1 + (x/n), log, (1 -f x) ^ X. 

Solution of equations. Sometimes algebraic or 
transcendental equations are best solved by revert 
ing series. By translations of x and v, y = yo + * 
X = Xo f A', it is possible to make F =* 0 cor- 
respond to y = 0 near the points of interest. Al»o. 
a change of scale, X = kX\ makes the first coeffi' 
cient one. Then with new notation, y = x -+- 6 x® + 
ex'* -f dx^ + ex® + • • • , with x and y small. The 
reverted series is x = y — by^ + f 26- — c ) r’* 
(56® - 56c + d)y^ + (146^ - 2162c + 6bd + Sc® - 
e)y® + • • • . For example, with d » 0, e *■ 0* 
y « — q, this gives a series solution of the cubi^ 
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equation rat’ + bx^ + * + q - 0 for small values 
of q> 

Tables. The values of logarithms for tables may 
be computed by judicious use of the series 


log. 


1 + * 


1 -* 
The expansions 




sin ac * * — “ -f - j — 

C08*-l-^ + -,- 


..n ‘* = * + 23 +jr 


3x‘ 1 

4 5'‘''2 


3 • 5x^ 
4~-"6 7 


3. X 

tan a; = ac “ ^ — -- + 

3 5 7 


iiie useful in (‘imiputin^ tables of trigonometric 
function^. 'Hie Iasi series makes it possible to com- 
pute TT easily by using lelations like 

7 = 2 tan * J^a -h tan“^ 

or - = 4 tan”*' ^5 — tan ^239 

I 

Integrals may often be found from series. Foi 
evample 




3 ' 5 2! 7 ■ 3! 


where On - X-\ 

The sum to (n + 1) terms gives the polynomial of 
the nth degree best approximating f(x) in the 
sense of least square error. 

Regular singular point. Let a differential equa- 
tion have the form 


where A^ix) is analytic and not zero at xq^ 
{x ^ Xo)Ai(x) and {x — xo)‘^Aq{x) are each ana- 
lytic at Xf). Then if :ro is not an ordinary point, it is 
a regular singular point. Near such a point, at 
least one solution may be found in the form 
{x — Ao ) * times a Taylor series, where s is some 
real or complex value. For example, for n zero or 
any positive integer, the Bessel function of order n 

"S2“+**fc!(n + ifc)! 

is a solution of Bessel’s differential equation 


dx^^ idx^ 



0 


Partial differential equations. Certain boundary- 
value problems in partial differential equations 
ma> be solved by the use of series. Thus, in two 
dimensions, Laplace's equation in polar coordinates 
is 


rudkes it possible to evaluate the probability inte- 
gfal. For large values of x it is easier to use the 
•livergent. but asympfotu* expression 

— -e— + ^ 

2 V2jc 2V 2»x* 2ST / 

Ordinary differential equations. An ordinary 
ptiint of a linear differential equation is a value of 
t at which all the coefficients are analytic, with the 
Mist coefficient not zero. For x near such a value, 
the complete solution ma> be expressed in terms of 
Taylor series. For example, Jt = 0 is an ordinary 
point of 

(1 - ^ - 2 * “ + n(n + l)y « 0 

which is Legendre's equation. For n zero or an in- 
teger, one solution is 

P (x) - Y f— 11* — ^ ~ 

rn{x) 11 2»fc!(ii - fc)!(fi - 2fc)! 

the Legendre polynomial of degree n. 

Pourier-Legendre series. If, for —1 < % < 1, the 
function f{x) satisfies the conditions for expansion 
In a Fourier series, there is an expansion 

fix) - £ anPnix) 

n«*0 


dr* “^r* rTr ‘ ” 

Let the values on the boundary of a cncular region 
r - a be given in the fi>rm /(d), and let the Fou- 
rier expansion of this function of period 27r be 

00 

f(0) = /f -f (An COB n0 -f Rn siu nS) 

n- I 

Then the solution of I«aplace's equation with 
J7(fl,d) =/(d) IS 


U(r,0) « + 53 f (An cos nS -f Bn sin nB) 

^ n-l \fl/ 

Again, the solution of Laplace’s equation 


3*1/ W 

dx* dy* 


0 


with r/(0,y)«0, fy(L,y) « 0, U{x,+ oo) 
Vix,0) * fix), with Fourier sine expansion 


0 , 


/(*)- f i?»sm^ 

is given by 


V{x,y) - £ B,,e— 'Wr gin 

*•1 L 

See Fourier series and integrals. [p.fr.] 
Bibliography: P. Franklin, Difierential and In- 
tegral Calculus, 1953; W. Kaplan, Advanced Calcu- 
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lua, 1952; I. S. SokolnikoS and R. M. Redheffer, 
Mathematics of Physics and Modern Engineering, 
1958. 

Series circuit 

An electric circuit in which the principal circuit 
elements have their terminals joined in sequence so 
that a common current flows through all of the ele- 
ments. The circuit may consist of any number of 
passive and active elements, such as resistors, in- 
ductors, capacitors, electron tubes, and transistors. 

The algebraic sum of the voltage drops across 
each of the circuit elements of the series circuit 
must equal the algebraic sum of the applied volt- 
ages. This rule is known as Kirchhoff’s second law 
and is of fundamental importance in electric circuit 
theory. See Kirchhoff’s laws of electric cir- 
cuits. 

When time-varying voltages and currents are in- 
volved, it is necessary to employ differential or in- 
tegral equations to express the summation of 
voltages about a series circuit. If they are varying 
sinusoidally with time, functions of a complex 
variable are used in place of the calculus. See Al- 
TERNATING-( URRLNT CIRCUIT THEORY; CIRCUIT, 

hLhi TRK ; Direct-current c ircuit theory. 

fH.I R.l 

Serine 

Pli>siuil coiutanU of th<* i iMmier Nt 25 i 
pK, ((UOH) 2 2J pK, 9 IS 

I%ori«rtrir point 56B 

Oplicl rouiion ' HH) 15 1 

Stiubility (k/ 100 ml 11,0) S 02 (dl) 

An liinino acid. The amino a< ids arc characterized 
physically by the following: (1) the pKi, or the 
dissociation constant of the various titratable 
groups; (2) the isoelectric point, or pH at which a 
dipolar ion does not migrate in an electric field; 

(3) the optical rotation, or the rotation imparted to 
a beam of plane-polarized light (frequently the D 
line of the sodium spectrum) passing through 1 
decimeter of a solution of 100 grains in 100 ml; 

(4) solubility. .See Equilibrium, ionic; Isoelec- 
tric point; Optical activity; Spectrophotomet- 
Ric analysis. 

Serine reacts with periodate to yield glyoxylate, 
ammonia, and formaldehyde. Serine is a biosyn- 
thetic precursor of several important metabolites; 
glycine, cysteine, choline (and hence betaine), and 
the side-chain of tryptophan. D-Serine is a con- 
stituent of the antibiotic, polymyxin. Serine origi- 
nates, biosynthetically, from 3-phosphoglyceric 
acid (see Amino acids). Since glycine and serine 
are interconverted rapidly, the pathway glyoxyl- 
atc — ► glycine serine can furnish some serine 
also. See Cysteine; Giycine; Polymyxin; Tryp- 
tophan. 

During metabolic degradation, serine deaminase 
(dehydrase) nonoxidatively attacks serine to yield 
pyruvate and ammonia. Another major pathway 


starts with transfer of the hydroxymethyl group to 
tetrahydrofolic acid, yielding glycine. Finally, a 
transaminase for serine exists, forming /3-hydroxy- 
pyruvate. This compound may be convertible to 
glyceric acid, or the actual pathway may be the re- 
versal of the biosynthetic one, involving phosphor- 
ylated intermediates. [ e. a. ad. ] 

Serology 

The division of biological science concerned with 
certain properties of serum, specifically, the anti- 
gen-antibody reactions. Although the term serolog> 
is properly used in connection with any of these 
reactions, it is often used in a more limited sense 
to denote merely the laboratory diagnostii* tests, 
especially those for syphilis. While serological re- 
actions take place in many natural processes of 
immunity and are also utilized in the laboratory foi 
evaluating the immune state, they are not limited 
to the pioducts of pathogenic microorganisms and 
can be utilized for a variety of other scientific pur- 
poses, such as comparative taxonomy and stiidv of 
the structure of proteins and polysaccharides. Se- 
rology, although useful in the study of immunology . 
is not synonymous with the latter, which include^ 
many factors of resistance other than those asso- 
ciated with the serum reactions. See Antiuin- 
ANiiBoDY KiAc iioN; Immuniiy; Polysac ( iiaridi* ; 
Protein; Syphilis. Ih.p.t ] 

Serotonin 

Serotonin, 5-hydroxytryptamine, is a deriyative of 
tryptophan, an indole-containing amino acid. It is 
widely distributed among all animal species ex- 
amined, particulaily in the blood and gastric mu- 
cosa of mammals. It is found in small amounts in 
the brain of mammals, birds, and reptiles. The oc- 
cuirence of similar compounds in plants and bac- 
teria testifies to their general biological impor- 
tance, while the occurrence in the urine of dog and 
man of 5-hydroxyindoleacetic acid identifies an- 
other pathway in the metabolism of tryptophan. 
Serotonin plays an important role in brain and 
nerve function and possesses many significant phar- 
macological properties. See Brain; Nervous sys- 
tem ; Tryptophan. 

Metabolism. The formation of serotonin in the 
animal involves first the hydroxylation of trypto- 
phan by the enzyme tryptophan hydroxylase, which 
has been isolated from a bacterium, Chromobactc- 
Hum violaceum. The enzyme involved in the sec- 
ond step in the synthesis, S-hydroxytryptophan de- 
carboxylase, is found in relatively large amounts in 
the liver, kidney, and stomach. It is highly specifie 
in its action, which is restricted to only one of the 
stereoisomers, S-hydroxy-L-tryptophan. The vitamin 
pyridoxine is required for this reaction. The low 
levels of serotonin in pyridoxine-deficient chicks 
may well be associated with the neurological symp- 
toms characteristic of pyridoxine deficiency. The 
removal of serotonin from the tissues (by its cs- 
tabolism) involves its oxidative deamination to 5- 
hydroxyindoleacetic acid, which is excreted in 
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urine. The enasymes that catalyze these terminal re- 
actions are known, and some of their properties 
have been described. See Enzyme. 

Function in brain. The brain normally contains 
about 0.55 fig of serotonin per gram, mainly in a 
bound form which protects it from the highly ac- 
tive enzyme, monoamine oxidase. On treatment with 
certain drugs, brain cells partially lose their capac- 
itv to retain serotonin, which is then liberated and 
rapidly ratabolized. Intraventricular administra- 
tion of serotonin produces a lethargic state and 
other largely depressant conditions in the nervous 
system, suggesting that the compound plays an im- 
portant role in brain function, possibly as a neuro- 
hiimoral agent. 

Pharmacological action. The interaction of sero- 
tonin with certain alkaloids is of considerable clin- 
ical importance, because of the use of such drugs 
ds tranquilizing agents in the treatment of nervous 
and mental disorders. Of these, reserpine and some 
of its derivatives are of particular importance be- 
cause, when administered to experimental animals, 
tlicv release serotonin from its bound form in vaii- 
oiis tissues ( brain, intestine, and blood platelets ) ; 
thus serotonin mediates the prolonged tranquiliz- 
ing effects of these drugs See Tranquilizer. 

[ ll.ll.MI.] 

Serpentine 

The name applied to the hydrous magnesium sili- 
(dte mineral assemblage of the rock serpentinite. 
Scipentmization altets host locks to compositions 
approximating 3Mg0*2Si0j*2H20, and the names 
seipentine, chrysotile, antigorite, and others are 
d|)plied with regard to degree of crystallinity 
athieved locally in given serpentinized ground- 
masses. ^>e Serpentinite. 

The state of the solid matter in massive serpen- 
tine has certain aspects in common with synthetic 
polymers. It is permeated with crystalline nuclea- 
tions insufficiently articulated to meet the criteria 
of true crystals. Associated with the massive as- 
semblage, substantially the same compositions, 
possibly under the influence of some mechanical 
^tipss, become organized into varying degree.s of 
improved alignments and have received the various 
names of the serpentine minerals group. 

The most important serpentine mineral is the fi- 
brous variety, chrysotile (Fig. 1), which accounts 
for as much as 95% of the asbestos of commerce. 
Although chrysotile is not a crystal in the sense of 
ha\ing plane-bounding faces, it nevertheless has a 
t'rystal structure consisting of regularly arraved 
sheets of component atoms wrapped about a less 
well-organized or possibly even unoccupied core. 
The high tensile strength of these tubular fibers 
permits the shredding, spinning, and fabrication of 
useful asbestos products (Fig. 2). See Asbestos. 

Other named varieties, such as antigorite, bastite, 
^armolite, and picrolite, consist of comparable reg- 
ularly-arrayed sheets, more or less corrugated and 
^tacked colinearly to present a more platy, or at 
'^ast lathlike, aspect. &me of diese platy varieties 



Fig. 1. Veins of chrysotile asbestos in serpentine. (Cch 
nadian Johns-Manvtile Co., Ltd.) 



Fig. 2. Silky fibers of asbestos-bearing rock. {Cana- 
dian Johns-Manville Co., Ltd.) 

may involve a pseudomorphism after host crystals 
which imposed some control onto the product to 
which they altered. The platy varieties are not cur- 
rently known to have any value in themselves. 

Serpentine is easily cut and polished for orna- 
mental stone. It may be blackish-green through leek 
green tO'^early white, or brownish or yellowish, and 
exhibits attractive textures because of the dissemi- 
^ted filamentous crystalline nucleations. Serpen- 
*tinized carbonate rocks sometimes show an attrac- 
tive clouded green color and are then called verde 
antique, or serpentine marble. | w.f.br.] 

Serpentinite 

An abundantly occurring, fine-grained massive 
rock, generally considered to have been derived by 
pneumatolytic or hydrothermal processes from pre- 
existing basic and ultrabasic igneous intrusions. 
The inferred processes are called serpentinization 
and the product serpentine. The serpentinization of 
metamorphic rocks, and of limestones and dolo- 
mites, is common. The composition of serpentine 
approximates 3Mg0*2Si02'2H20. The groundmass 
itself and the varietal associated minerals of the 
same composition are called the -serpentine miner- 
als. See Metamorfhh: rocks; Pneumatolysis. 
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Si^lMMKtiiie ditters from the more conventional 
mluhHiioae composed of separable grains of vari- 
ous minerals — ^for serpentine has no idiomorptuc 
crystal grains of its own. When grains are appar- 
ent, they are relicts from the preexisting crystalline 
rock which was altered to serpentine while retain- 
ing the old grain boundaries (called pseudomorphs 
after the older grain), Pseudomorphs are most fre- 
quent after chrysolite (olivine), common after am- 
phibole.and pyroxene^, and have been noted after 
other minerals. 

Massive seipeiitinites often form layers, dikes, or 
necks fcompo«ied more or less of pure serpentine) 
in vaiious positions in crystalline schists. Many ser- 
pentinites de\elop bv the hiw-grade metamor- 
phism. or h>drotheimal alteration, of oli\ine-rich 
rocks, especialK peridotites and diinites in moun- 
tain ranges. Experiments have shown that at low 
pressure, magnesian olivine is stable only above 
400® C when it is in contact with watei vapor; be- 
low that temperature it changes into serpentine 
and brucite. Iron-rich olivine is stable in the pres- 
ence of water at much lovvei temperatures, and does 
nfit readily change into serpentine. 

In many rocks where serpentine has formed pseu- 
domorplis after olivine, traces of the original min- 
eral mav still he present as mesh structure Other 
rocks are composed whollv of fibrous < hrysotile se? 
pentines and still others are made up of flaky anlig- 
orile which developed under stress eonditions. 
Sometimes the flakes and blades of antigorite are 
arranged at landom in sheaflike bundles. .See Ser- 
pen ri\F. fT.F.W.B.l 

Serum 

The thin, yellowish fluid residue of the blood that 
teinains alter the blood cells and (lotting elements 
have been removed (Plasma is the fluid portion of 
the blood without the blood cells but with the fi- 
brinogen and the other clotting factors, such as 
piothrombin and calcium.) The serum contains 
numerous soluble organic and inoiganic substances 
su(h as glucose, albumin, certain globulins, salts, 
and buffer systems. Many of the globulins piesent 
are either antibodies or contain antibodies. These 
have been formed by various bod> tissues in re- 


sponse to antigenic stimulation by bacteria ind 
other foreign materials, notably proteins. See An- 
tibody; Antigen; Blood; Fibrinogen; Globu- 
un; Glucose. 

The complex and technical field of serology is 
based upon the occurrence and alteration of the 
substances present in serum. Common serologic 
tests include blood typing and diagnostic tests for 
c^eitain diseases, such a.s syphilis. See Sfrology; 
Syphilis. 

Serum also refers to any watery fluid produced 
b> secretion of, or damage to, body cells. It in- 
eludes the waterv secretions of the mouth, lacrimal 
glands, nose, and portions of the digestive tract. It 
also includes the dear material found in blisters 
and seeping from the skin after an abrasion. Fi- 
nally. a scions fluid is normally secreted bv serous 
membianes such as the peritoneum and pern ar 
diiim, one appaient funetum is to lubricate op 
posing surfaces to reduce tiiction f i* c. sr I 

Servomechanism 

A special tvpe of dosed loop control svstem capa- 
ble of prodiidng a controlled output motion at a 
high energy or power level in response to a low 
energy level input signal. The block diagram of 
Fig. 1 shows the basi( elements of a single loop 
servomechanism and the manner in whii h thev in 
terad with eaih other In this simple example 
each connection between elements is such that onh 
a unidirectional caiiy and effect ac*t)on takes place 
in the directions shown by the arrow. 

The servomeduinisrn pi ov ides the amplification 
and controllable power npc*dc*d to move laige masses 
lapidlv in the pieseme of large load disturbances 
In addition, a servomecdianism emplovs negative 
feedback, whu h makes possible a compaiison of 
the reference input signal R with the measuied 
value of the contiolled output motion A low 
energy level error signal /? is iherebv produced 
The servoamplifier and servomotoi lespond to 
the error signal to cause the output motion f to 
approach the desiied value. 

The reference input signal R frequently exists 
in the form of an electric voltage oi current. It 
may also exist in the form of any one of many 



load disturbance input 


controlled output motion 


Fig. 1, Block diagram showing the basic elements of a servomechanism 
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(ontrol systems are directly appluahle to servo- 
me< hanisms For dis( ussion of ( losed loop control 
systems, see CoNiRoi sysifms 

SERVOMECHANISM SYSTEMS 

When the measuring device generates a signal 
(' representing a measured value of the position 
ol the output member of the servomotor a position 
servomf chanism results and the output ^ is a posi 
tion which changes in response to changes in the 
K tc re m c input signal R 

When the measuring device generates a signal 
(' icpiesenting a measured value of the velocity 
(if the output member of the scrvomotoi a velotitv 
s( tvoimc hanism results and the output ^ is a time 
ntc of change of position which changes in re 
sponsc to c haiiges in the reft renc e input R 

When the measuring device generates a signal 
f' rcpiesenting a measured value of the ac cetera 
tion of the output member of the servomotor an 
14 (deration scrvomec hanism results and the out 
pul f IS a time rate of change of velocity which 
lunges in lesponse to changes in the reference 
input R 

lo attain the best possible perfoimance from the 
sc noinc c hanisni the measuring device must have 
a high degiet of accuiacy in the static sense 
stcadv state) and it must have ncghgiblf dynamic 
lag in compaiison with the dvnamic response 
characteristics of the rest of the system The qua! 
Uy of this type of control system c an never exceed 
that of the instrument which measures the output 


nals, the frequency of the earner must be well 
above the highest f requeue > anticipated in the mo- 
tion of the output shaft of the servomechanism and 
the feedback signal carrier must be carefully 
phased with respec t to the input signal Harmonic 
distortion in either signal must be kept to a mini 
mum 

The servoamplifiei is often electronic but may be 
a magnetic amplifier a relay type of amplifier, or 
any combination of these types In addition to pro 
viding needed power amplific ation the servoampli 
her may incorporate dynamic characteristics, some 
times referred to as compensation, required tor 
accurate stable operation of the complete servo 
mechanism Because the servoamplifier plavs 
roughly the same role in a servomechanism that 
a controller plays in many types of automatic con 
trol systems the servoamplifier is sometimes re 
feired to as the controllei The electric output 
[lower supplied by the servoamplifier to the servo 
motor may be ac or dc m accordance with the type 
of seivomotor employed 

The servomotor mav be a conventional type of 
ac or dc motor but more often it is of special dc 
sign to meet demanding requirements of speed of 
response peak load, small size minimum weight, 
and high accuracy 

The instrument or measuring device, is usually a 
transducei opeiating at a low energy level and ca 
pable of produc ing an electric output signal that is 
an acc urate measure of output shaft position, ve- 
loc ity or ac celeration See T ransui cfr 

Because of the readv availability of electric 


motion 

Problems of greatest concern in the design and 
operation of servomechanisms are usually those 
related to (1 ) system speed of response, (2) closed 
loop stability, (3) sensitivity to load disturbances 
indudmg noise in the input signal, (4) power 
supply requirements, (5) peak signal levels which 
may occur throughout the system, and (6) opera 
tion under conditions m which nonlinear effects are 


power simplicity, ease of manufacture and main 
tenance, and low cost of electromechanical seivo 
mechddiisms, they are widelv used in applications 
involving the control of low to medium mechanical 
► power level output motions 

Hydraulic servomechanism. In a hydraulic sys- 
tem the servomotor includes a hydraulic motor, 
conveiting high pressure hydraulic power to the 
mechanical power required in controlling the out- 


important, such as limiting or saturation of com 
pone nts on off or relay type of amplification, cou- 
lomb or static friction, and nonlinear valve char 
ac teristics 

Electromechanical servomechanism. In an 

^electromechanical system, the reference input sig- 
nal IS an electric voltage or current, and the servo- 
amplifier, the servomotor, and the measuring de- 
vice are electric, electronic, electromechanical, or 
niec hanical devices 

The input signal may be an alternating current 
nr voltage (ac) signal or a direct current or voltage 
(dc) signal. The measured value of the output. 


put motion of the servomechanism When the in- 
put signal to the servomechanism is electrical and 
the servoamplifier is electric or electronic , the sys- 
tem IS an elec trohydrau lie servomechanism The 
hydraulic servomotor involves, in addition to the 
hydraulic motor, a means of modulating the flow 
of hydraulic power to the motor in response to the 
low energy level mechanical or electrical output 
signal from the servoamplifier 

For low to medium power level hydraulic drives, 
valve controlled hydraulic servomotors are most 
frequently employed. The control valve is often re- 
ferred to as a servovalve and, in an electrohydraulic 



200 tervoiMclMifiitiii 

servomechanism, an electromechanical transducer 
sometimes called a force motor, or torque motor, is 
employed to actuate the servovalve. High-pressure 
hydraulic power from a suitable source, usually at 
constant pressure, must be supplied to a valve- 
controlled servomotor. 

For higher power level hydraulic drives, pump 
displacement controlled hydraulic transmissions 
are often used, in which the flow of power to the 
hydraulic motor is modulated by varying the dis- 
placement -of a variable displacement hydraulic 
pump. High energy level mechanical power from a 
suitable soui(*e, usually at constant speed, must be 
supplied to drive the shaft of the pump. The dis- 
placement control member of the pump, usually a 
shaft or lever, is often actuated by a low power 
level electric or hydraulic actuator. 

A complete hydraulic servomechanism is often 
designed as a single unit and referred to as a hy- 
draulic amplifier or hydraulic actuator when it is 
used as a component of another contiol system. 

Hydraulic servomechanisms are frequently used 
in applications involving the control of medium to 
high mechanical power level output motions be- 
cause of their relatively small sire, light weight, 
and fast response charactenstu's. They are some- 
times required in systems where the use of elec- 
tricity is forbidden by fire or explosion hazards. 

Pneumatic servomechanism. In a pneumatic 
system the servomotor includes a pneumatic motor, 
which converts pneumatic power to the mechanical 
power required in controlling the output motion 
of the servomechanism. When the input signal to 
the servomechanism is electrical and the servoam- 
plifier is electric or electronic, the system is an 
elertropneumatic servomechanism. The pneumatic 
servomotor includes, in addition to the pneumatic 
motor, a control valve to modulate the flow of 
pneumatic power to the motor in response to the 
low energy level mechanical or electrical output 
signal from the servoam plifier. Pneumatic power 
from a suitable source, usually at constant pressure, 
must be supplied to the servomotoi. 

A complete pneumatic servomechanism is often 
designed as a single unit, and it is referred to as a 
pneumatic amplihei or pneumatic actuator when it 
is used as a component of another control system. 

Pneumatic servomechanisms are frequentlv used 
in applications involving the control of medium 
mechanical power level output motions because 
of their relatively small size, light weight, and fast 
response characteristics. They are sometimes re- 
quired in systems where the use of electricity is 
forbidden, because of fire or explosion hazards, and 
they can be designed to operate over a wide range 
of working temperatures. 

SERVOMECHANISM COMPONENTS 

\ arious devices or elements are required to form 
the complete closed loop of a servomechanism. In 
many instances, the components employed in servo- 
mechanisms are commercially available devices 
which have been developed for general industrial 


and laboratory uses. In some instances, however, 
the components required are highly specialized de- 
vices, developed to meet specific and often exacting 
requirements. Great care must be taken to under- 
stand thoroughly the performance characteristics 
of servomechanism components as individual de- 
vices and as interacting components in a given 
system. The use of components that are incompati- 
ble with each other results in inferior performance 
of the complete servomechanism. 

Measuring devices. These components are the 
instruments, transducers, or pickups employed to 
measure the output position, velocity, or accelera- 
tion of servomechanisms. It is usually desirable to 
determine the value of the output qiiantity without 
appreciably affecting the output, that is, without 
imposing a noticeable load on the output shaft of 
the servomotor. The accuracy of the measuring de 
vice must be at least as good as the accuracy re- 
quired of the complete servomechanism. .Some 
measuring devices can be used as an error de 
teitor. The term error dctectoi usually means 
measurement of input, measurement of output, 
and determination of the difference between meas 
ured input and measured output. Although measui 
ing devices are expected to be quite sensitive to 
the output quantity to he measui ed, they should 
be relatively insensitive to all other effects whuh 
might cause an erroneous or noisy error signal in 
the servomechanism. 

Electrical measuring devices. The output of 
these devices is an electric signal representing the 
position, vehxdty, or acceleration of the output 
shaft of the servomechanism. In these devices one 
or more electrical quantities are influenced by the 
output condition to be measured. These devices, 
used as elements in an electric circuit, develop a 
usable electric signal, which is a measure of the 
output condition. The various kinds of elettiKal 
measuring devices may he classified according to 
the predominant electrical quantity sensitive to the 
output condition to be measured. 

Variable resistance devices. The variation of the 
servomechanism output can be used to cause a 
variation in the resistance of a variable resistance 
element. A useful electric signal can, in some in- 
stances, be derived directly from the variable re- 
sistance element. For example, if it is supplied 
with a constant current from a suitable electric 
energy source, the voltage across the variable re- 
sistance element is directly proportional to its 
resistance; or if a constant voltage is supplied to 
the variable resistance element, the current flowing 
through it is inversely proportional to its resistance 

More frequently, however, the variable resistance 
element is combined with other circuit elements 
into networks, making it easier to generate a drift- 
and noise-free electric signal as a measure of the 
servomechanism output. A bridge-type network w 
often used, in which one or more variable resistance 
elements are sensitive to the servomechanism out- 
put and one or more variable resistance element 
are sensitive to the reference ini^t (see Bwo®*’ 



S#rvofii«clMiiiitiii SOI 


circuit). These combine to form an error detector 
whose output is an electric signal that is a measure 
of the difference between the reference input and 
the controlled output of the servomechanism. The 
most commonly employed types of variable re- 
sistance elements are precision potentiometers and 
strain gage pickups. These devices are usually em- 
ployed for position measurement. See Potentiom- 
eter (variable resistor) ; Strain gage. 

Variable inductance devices. Sometimes referred 
to as differential transformers, these employ the 
\ariation of servomechanism output to cause varia- 
tion of the mutual inductance between a primary 
winding and one or more secondary windings, 
thereby varying the voltages induced in the second- 
ary windings (see Transformer). 

Linear differential transformers employ a mova- 
lile slug of magnetic material with fixed primary 
and secondary coils. The slug moves along a 
straight line inside the coils as in Fig. 2. The sec- 
ondary coils are connected in series opposing. The 
output voltage from the secondaries is, therefore, 
theoretically zero when the slug is centered, and it 
\aries linearly with slug position when it is moved 
fioni its center position. 


^primary winding 
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^secondary windings^^ 


2. Schematic of a linear differential transformer. 
'From J. E. Gibson and F. B. Tuteur, Control System 
Components, McGraw-Hill, 1958) 


F. piekoffs employ a movable arm of magnetic 
material and an E-shaped magnetic core containing 
d primary and two secondary windings as in Fig. 3. 
The operation of this device is analogous to that of 
linear differential transformer. The motion of 
the arm is limited by the air gaps between the arm 
«ind the E-shaped core; therefore this device is usu- 
employed to measure only small linear or 
angular motions. 

To measure large angular motions, a consider- 
ably more sophisticated type of variable trans- 
hirmei , called a synchro, is used. A synchro has a 
'tingle primary winding on a rotor, which can ro- 
tate through a full 360^, and a 3-winding stator or 
^f'condary. The signals induced in the stator wind- 
ings vary with the position of the rotor and can 
therefore be used to measure rotation of the ro- 
tnr. See Synchro. 

Variable capacitance devices. If one or more 
variable capacitors are coupled to the output of 
^he servomechanism, the output motion results in 
change in capacitance. When incorporated into a 
bridge-type network, operating with an alternating* 
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Fig. 3. E pickoff. 


current supply, the variation of capacitance of one 
or more arms of the bridge results in a varying 
alternating-current signal, which is a measure of 
the output position of the servomechanism. 

Electromagnetic devices. These devices involve 
relative motion between magnetic fields and elec- 
tric conductors. The voltage induced in a conductor 
moving with its axis normal to the lines of magnetic 
flux is proportional to the strength of the field and 
to the velocity of the relative motion. Perhaps the 
simplest form of such a device consists of a perma- 
nent-magnet slug moving inside a coil of wire. The 
output voltage across the terminals of the coil is 
directly related to the velocity of the slug. This de- 
vice, therefore, measures linear velocity. A conven- 
tional alternating-current generator, which employs 
the same basic principle but involves rotary motion, 
is sometimes used for measuring angular velocity. 
The major drawback of this type of tachometer is 
that both frequency and voltage of the ac output 
are proportional to shaft speed. This type of output 
signal is especially difficult to use at low speeds. 

Another simple type of electromagnetic measur- 
ing device is the rotating-magnet speedometer, in 
which a permanent-magnet armature on a rotating 
shaft rotates inside a concentric cup mounted on 
nearly frictionless bearings. The cup is made of a 
material that is a good conductor of electricity. A 
torque is produced by the eddy currents induced 
in the cup by the motion of the field of the rotating 
permanent magnet. This torque is proportional to 
the speed of the rotor shaft, and may be used as a 
measure of rotor speed. 

A somewhat more sophisticated type of electro- 
magnetic measuring device is the ac drag-cup ta- 
chometer, which is basically a two-phase motor 
having a drag-cup rotor and arranged so that one 
of the fields is excited with g constant ac voltage. 
An ac signal voltage is generated in the other field 
and is proportional to the speed of rotation of the 
drag-cup armature. For further discussion, see Ta- 
chometer. 

Mechanical measuring devices. These devices 
usually yield a force or motion type of signal rep- 
resenting the position, velocity, or acceleration of 
the output of the servomechanism. Such devices in- 
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volve one or more of a number of mechanical prin- 
ciples, which are influenced by the condition to be 
measured. The various types of mechanical measur- 
ing devices can be classified according to the pre- 
dominant mechanism which is used to measure the 
output condition. 

Linkages and gear trains. These are often used to 
amplify or attenuate the motion to be measured and 
to compare it with a reference input motion. For 
examples of such mechanisms, see Gear train; 
Linkage, mechanical. 

Springs. Displacement may be measured in terms 
of the force required to produce that displacement 
of a spring. Thus the force in the spring is a meas- 
ure of the relative positions fd its ends. A single 
spring may be used as an error detector, the mo- 
tion of one end corresponding to the reference in- 
put, and the motion of the other coriesponding to 
the output shaft of the servomechanism. 

Viscous drag dashpots. Velocity may be measured 
in terms of the force required to produce that ve- 
locity in a dash pot. Thus the force at the terminals 
in such a device is a measure of the relative veloci- 
ties of its ends, and a single dashpot may be used as 
an error detector of velocity just as a spring meas- 
ures errors of position. 

Governors and gyroscopes. These devices meas- 
ure acceleration in terms of the force lequired to 
produce that acceleration of a mass (for linear mo- 
tion ) or inertia ( for angular motion ) . A fly ball 
governor is an example of the measurement of 
angular velocity by means of a moving mass. The 
mass is mounted to the rotating shaft so that it ro- 
tates about the center line of the shaft and experi- 
ences a radial acceleration which varies as the sec - 
ond power of the shaft speed. Thus the radial force 
on the fly weight is a measure of the square of the 
shaft speed. .Sec (a)VERNor. 

Perhaps the most complicated type of mechani- 
cal measuring device based on inertial effects is 
the gyroscope, which consists of an inertia rotating 
at high speed and mounted in gimbals so that it can 
undergo angular motions about any axis. Motion of 
the gyroscope about any axis that does not coincide 
with the axis of rotation results in a precessive 
toique about an axis that is mutually perpen- 
duTilar to the spin axis and the axis of the imposed 
motion. This torque is proportional to the product 
of the imposed angular velocity and the sine of the 
angle between the spin axis and the axis of the im- 
posed motion. See Gyroscope. 

Servoamplifiers or controllers. This portion of 
the servomechanism <'losed-loop system reacts to 
the low energy level error signal and delivers a 
higher energy level signal to the servomotor or 
actuator. The input of the servoamplifier usually 
must be very sensitive to the error signal without 
loading the summing network or error detector. It 
must operate on readilv available sources of power 
to provide the power gain required to drive the 
servoniiUoT. Relatively fast dynamic response is 
usually expected in the servoamplifier (as com- 
pared to the dynamic responses of many of the 


other elements in the servomechanism loop), and 
special dynamic characteristics, sometimes re- 
ferred to as compensation, are also frequently in- 
cluded to provide required closed-loop perform- 
ance. Internal feedback within the amplifier is 
often employed to achieve the necessary compen- 
sation or to minimize the sensitivity of the ampli- 
fier to such undesirable disturbances as supply- 
voltage or temperature variations and drift effects 
caused by aging components. 

Electric and electronic amplifiers. The required 
power gain is usually achieved through the use of 
variable-resistance elements, such as vacuum tubes, 
gas tubes, transistors, and relays, which require 
relatively small amounts of energy to vary their 
resistance. However, these devices are relatively 
wasteful of power, because they are made up of dis- 
sipative devices. Therefoie, when large amounts of 
power are required to drive the servomotor, more 
efficient devices, such as field-controlled geneiators, 
are employed to provide the desired power gain by 
varying the rate of generation of electric eneigy. 
When the amplifier is direct-coupled, so that it can 
transmit steady direct-current signals, it is lefeired 
to as a d( amplifier. In some instances, it is desira- 
ble to employ high-gain ac amplifiers bc(*ause ot 
their hiwer sensitivity to drift and aging effects. 
Modulators and demodulators art then employed 
to convert dc signals to ac signals and vice versa, 
if necessarv. When internal feedback is employed 
to provide cornpensat^n, it is applied only to those 
portions of the amplifier system which involve di 
signals. Drift of dc amplifiers is often minimized 
through the use of chopper stabilization. See Di- 
rk r-ioupi.iD Powir ampliiilr; Vi- 

brator. 

Electric and electronic servoamplifiers are often 
provided with means to adjust their gain and dy- 
namic response characteristics so that standard 
amplifiers may be employed foi a wide variety of 
systems. If the output impedancT <jf the servoanipli- 
fier is not sufliciently low relative to the input im- 
pedance of the servomotor it drives, the servomo- 
tor may interact with the servoamplifier and change 
Its characteristics appreciably. 

Hydraulic and pneumatic amplifiers. These usu- 
ally achieve the required power gain through the 
use of variable orifices in the form of special con- 
trol valves, often referred to as servovalves. How- 
ever, these devices are dissipative. When relatively 
large amounts of power are required to drive the 
servomotor, more efficient devices, such as variable 
displacement pumps, are employed to provide the 
required power gains by varying the rate of genera- 
tion of hydraulic power. The sy.stem shown in Fig. 4 
illustrates how amplification is attained through the 
use of one variable orifice and one fixed orifice. This* 
valve, referred to as a flapper valve, is frequently 
used in industrial pneumatic controllers and in the 
first stages of hydraulic servovalves. 

A four-way valve, employing four variable on 
fices, is shown in Fig. 5 coupled to a hydraulic ram 
to form a hydraulic amplifier. Tf^e position of 
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the valve t^poul is the input and the position X 2 of 
the ram is the output. Low energy level inputs are 
achieved through careful design of the valve to 
minimize fluid flow forces. 

The integration which exists between the input 
Ti and the output of the system shown in Fig, 5 
can be eliminated by the use of mechanical feed- 
back (Fig. 6) and by considering the input to be 


constant 
pressure supply 



supply 





Fig. 5 Hydraulic amplifier with four-way valve. 



6. Mechanical feedback on a hydraulic amplifier 
with four-way valve. 


the motion xh of the intermediate point on the 
lever A. The steady-state gain is determined by the 
location of the intermediate point having motion 
Xi and is equal to (ai + ao) /a\. 

The dynamic characteristicb of hydraulic and 
pneumatic amplifiers arc often strongly influenced 
by the type of loads imposed on their outputs, 
especially when large masses are involved, making 
it necessary to include the effects of fluid com- 
pressibility. As with electronic amplifiers, several 
stages of amplification mav be incorporated in a 
single amplifier. 7'he last stage of valving is often 
considered to be part of the seivomotor, resulting 
in a \ a lve-( ont rolled hydraulic or pneumatic servo- 
motor. 

R^lay amplifiers These special types of ampli- 
fiers, based on variable resistance or variable im- 
pedance devices, have only two operating imped- 
amc levels nearly infinite (open circuit) and 
nearl\ /eio (closed circuit). The degree of sophib- 
ticatifm of relay amplifiers varies from siitlple 
on-off control involving a single relay to pulse- 
width modulation systems involving several relays. 
Many tvpes of relays invohe mechanically oper- 
ated switf hes and haye limited life for reliable op- 
eration Magnetic amplifiers employ relays consist- 
ing of saturable reactois, sometimes referred to as 
transdiK tors, having magnetic cores made of mate- 
rial with a sharp saturation characteristic and ac 
and d(‘ windings such that small changes in the dc 
magnetization current result in large changes 
(from nearly infinite to ne’arly zero) of the im- 
pedance of the ac windings. No moving parts are 
involved in magnetic amplifiers, and ihev are well 
suited foi driving 2-phase ac servomotors, because 
they operate with a dc input signal and an ac out- 
put. .Sec MAONfTK AMPUIKR; SaTITRABI F RF.ACIOR. 

Servoamphfier compensation. Certain dvnamic 
contiol characteristics are incorporated into the 
servoamplifier to attain required closed-loop per- 
formance. An uncompensated amplifier is some- 
times called d proportional controller, because it 
produces an output signal that is proportional to 
its input signal with negligible dynamic lag be- 
tween output and input. To maintain zero steady- 
state error of the complete servomechanism, inte- 
gral compensation is introduced, and the amplifier 
output includes a component that is proportional 
to the time integral of the input. Derivative com- 
pensation is sometimes needed for system dynamic 
stability; the servoamplifier output then intrudes a 
component that is proportional to the derivative of 
the input. Thus a servoamplifier with proportional 
plus integral plus derivative action is described by 
the following differential equation 

M^kcE+h.fEdt + k/p- 

at 

where E represents the input, M the output, and 
kc^ ktf and kj the constants of the proportional, 
integral^ and derivative terms, respectively. Simi- 
larly, many other types of compensation may be 
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incorporated to meet closed-loop system require- 
ments. Compensation is sometimes accomplished 
by employing a passive network in series with an 
uncompensated amplifier. Another way to accom- 
plish compensation is through the use of negative 
feedback around a high-gain amplifier. The choice 
of amplifier compensation depends upon the char- 
acteristics of the (components in the rest of the sys- 
tem and over-all system requirements and specifica- 
tions. In many Instances, the final chou'e is made 
on the basis of trial and error and experience. 
Many servoamplifiers and controllers are designed 
so that manv different kinds of compensation can 
be achieved with a minimum of modification. 

Servomotors (actuators). These are the *'mus. 
cles” of servomechanism systems. Often referred 
to as the final control element of a system, a servo- 
motot normallv operates at a higher power level 
than any of the components preceding it. It is often 
requited to move large masses or inertias and over- 
come large friction forces and external load forces. 
Over-all system dynamic response is often limited 
by the characteristics of the servomotor, and the 
servomotor and its power supply often account ior 
most of the volume and weight of the complete 
servomechanism. 

Elect rU servomotors. These are employed to di- 
rectly ptoduce limited linear motions and angitlat 


motions from small fractions of a radian to con- 
tinuous rotation. Solenoids (moving slug), voice 
coils (moving coil), and torque motors (moving 
rotor), all operating with electromagnetically in- 
duced forces, are employed to provide limited linear 
or limited angular motions at relatively high force 
levels, such as those required for stroking servo- 
valves and actuating brakes and clutches. For con- 
tinuous rotary motion, a wide variety of ac and dc 
motors may be employed (see Alternating-cur- 
RLNT motor; Dirm i-cuRKENT MOTOR). Field-con- 
trolled dc i:ervomotors often have a center-tapped 
field winding to operate from the push-pull output 
of an electronic servoamplifier, as shown in Fig. 7a, 
These can be driven in either direct icyn. When large 
controlled currents are available, as from a field- 
(*ontrolled generator, armature-controlled dc mo- 
tors with constant field excitation are employed, as 
in the Ward-Leonard system shown in Fig. 7b. 
When high starting torques are required, universal 
motors having the field windings in series with the 
armature may be employed as either ac or dc servo- 
motors. A typical ( ircuit is shown in Fig. 7r. When 
low power level ac servomotois are required, two- 
phase induction motors are einplo\ed. One field 
winding is kept at constant \oltdge (Fig. 7(1). 

Hydraulic and pneumatir servomotors. These are 
employed to produce limited linear motions and 


push-pull output of omplifior dc motor 



Fig. 7. Methods of controlling electric servomotors. motor, (c) Split-field, series-wound dc motor, (d) Two- 

(o) Push-pull amplifier control of dc field-controlled phase ac servomotor, 

servomotor, (b) Ward-Leonard system for control of dc 



angular motions of from small fractions of a radian 
til continuous rotation. Figure 8 illustrates the sim- 
plest kind of hydraulic and pneumatic motor. A 
closely fitted piston in a cylinder is driven by fluid 
flow under pressure, which exerts a net force to 
move the ram (piston) and drive the load. Although 
the servovalve was discussed in the section on hy- 
draulic and pneumatic amplifiers as a component 
of hydraulic amplifiers, it is customary to include 
the last stage of valving, which supplies controlled 
fluid power to the output motor, with the motor and 
designate the combination as a valve-controlled 
servomotor. When rotary output motion is desired, 
lotdry units, such as multipiston, gear, and vane 
motors, as well as turbines, may be employed as 
output motors in seivomechanisms. See HvDHAiiiir 
M IITATOR. 



f-iq 8 Ram-type fluid motors (o) Single-acting 
(h) Double-acting 


When Idige power levels are involved and it is 
important to minimize powei dissipation in a hy 
draiilic system, a variable displacement pump is 
used to control the flow of hydraulic fluid to the 
motor A hydraulic amplifiei is usually employed 
to position the displacement control lever of the 
pump, but sometimes an electric servomotor is em- 
ployed instead. ( f l.sh 1 

Bibliography: J. F. Blackburn, C Reethof, and 
I L Shearer, Fluid Power Control^ 1960; J. E. 
(ribson and F. B. Tuteur, Control System Com-*^ 
ponents^ 1958; J. G. Truxal (ed.). Control Engi- 
neers' Handbook^ 1958. 

Set theory 

A mathematical term referring to the study of col- 
lections or sets. Consider a collection of objects 
( such as points, dishes, equations, chemicals, num- 
bers, or curves). This set may be denoted by some 
symbol, such as X. It is useful to know properties 
that the set X has, irrespective of what the ele- 
ments of X are. The cardinality of X is such a 
property. 

Cardinality of aota. Two sets A and B are said to 
have the same cardinal, written C(A) ^ C{B), 
provided there is a one-to-one correspondence be- 
^een the elements of A and the elements of B. 
t^ur finite sets this notion coincides with the phrase 
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^A has the same number of elements as B.” How- 
ever, for infinite sets the above definition yields 
some interesting consequences. For example, let A 
denote the set of integers and B the set of odd in- 
tegers. The function f(n) « 2ra — 1 shows that 
C(A) = C(B), Hence, an infinite set may have the 
same cardinal as a part or subset of itself. 

Subset, A is called a subset of B if each element 
of A is an element of B, and it is expressed as 
A c B. The collection of odd integers is a subset 
of the reals. Also, each set is a subset of itself. 

The continuum hypothesis. An infinite set is 
called uncountable if it cannot be put in a 1-1 cor- 
respondence with the positive integers Here is one 
of the unsolved problems of set theory. It is of par- 
ticular interest since so many mathematir ians have 
tried unsuccessfully to solve it. If X is an uncount- 
able subset of the reals B, is C(X) equal to C(/t)? 
The con)ecture that the answer is in the affirmative 
is called the continuum hypothesis. 

Comparing cardinality of sets. One says tfiat 
C(A) C{B) if there is a 1-1 correspondence be- 
tween the elements of 4 and a subset of the ele- 
ments of B One useful theorem that can be proved 
states that any two sets A, B are comparable; that 
IS, either C(4) C(B) or C(B) ^C{4) (possi- 
bly both). Another theorem states that if C(A) < 
C{R) and C(B)^C(4), then C{4) --C(B). 
Each of these results may be proved by using well 
orderings of 4 and B. 

Ordering. An ordering is one way of setting up a 
1-1 coirespondence between two sets of the same 
cardinality A relation cT is an order relation for 
a set X if it satisfies the following conditions: 

1 If JTi, x* are two elements of X, either x\ < Xi 
or X 2 < x\ (any two elements are related). 

2. xx <): ri (no element is less than itself). 

3 If ri < Xi and xi < xu then ri < (the or- 
der relation is transitive). 

The following are examples of ordered sets: a 
horizontal line where < means “is to the left of”; 
the reals where < means “is less than” ; the collec- 
tion of words in the dictionary where ordering is 
alphab'btical. 

Well ordering. An ordering of a set is called a 
^ well ordering if it satisfies the additional condition : 

4. Each subset Y of X has a first element; that 
is, theie is an element yo of Y such that if / is 
another element of F, yo < y'. 

Used above was the natural convention that each 
set contains at least one element and not the arti- 
ficial convention that there is an “empty” set. 
Some authors use an “empty set” but its introduc- 
tion is not necessary. 

The natural ordering of the positive integers is a 
well ordering, but neither the natural ordering of 
the integers nor of the reals is a well ordering. 
A well ordering for the integers is 0, 1, 2, ... , 
—1, —2, .... Since a well ordering of the reals 
cannot be written down, one might guess that there 
is none. This guess is shown to be false by the 
theorem that states that any set X has a well or- 
dering. In proving this, one considers the rollec- 
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tion Z of all subsets of Z, selects a point Xt» » 
/(Za) from each element z„ of Z, and well orders 
X so that if 5a is the set of all elements that pre- 
cedes JKrt, then x„ * f(Z — S.,). 

Some of the theorems proved hy well ordering 
are so strange that their truths do not seem intui- 
tively obvious. Well ordering is also used to con- 
struct pathological examples which serve as 
counterexamples to various conjectures. These 
counterexamples are useful since they show that 
the conjectures are false and it is useless to try 
to prove them. 

Formation of sets. One approved method of 
forming a set is to consider a properly P possessed 
by certain elements of a given set A*. The set of ele- 
ments of X having proper tv P may he considered as 
a set Y, The expression p e X is used to denote the 
fact that p is an element of X Then Y = \p/p eX 
and p has property P\, Another approved metlmd is 
to consider the set Z of all subsets of a given set X. 
It may be shown in this case that (^(X) < C(Z), 

Paradoxically, it is not permissible to regard the 
collection of all sets as a set. If such a collection X 
were called a set. and Z were used to denote the set 
of all .subsets of X, one would arrive at the absurd itv 
that C(X) < qZ). 

Operations with sets. In set theory, one is inter- 
ested not only in the properties of sets but also in 
operations involving sets: addition, subtraction, mul- 
tiplication. and mapping. 

Sum or union. The sum of A and B (A + B or 
4 U B) is the set of all elements in either A or B, 
that is. 4 + B «■ \p/p e A or p € B|. 

Intersection, product, or common part. The intersec- 
tion of A and B (4 • B, fl B, or /ffl) is the set of 
all elements in both A and B, that is, /f • B = 
\p/p e A and p e B|. If there is no element which is 
in both A and B, one says that A does not intersect 
B an<l writes • B = 0. 

IVfferpnce, The expression A — B is used to denote 
the collei'tion of elements of A that do not belong to 
B, that is, A — B ^ \p/p € A and p / B|. If .4 c B, 
it IS expressed as /f — B = 0. 

An example. If a person were to squirt some 
black ink on a plane, the set A of points in the 
dark spot would be an example of a point set. Sup- 
pose a set fl is determined by squirting some red 
ink on the plane. Then A + B designates the set 
of points covered by ink, A * B designates the set 
covered by both kinds of ink, and A -- B designates 
thohe covered by black but not red ink (Fig. 1). 

Boolean algebra. By using the previous notation, 
it follows that the sets of Fig. 1 satisfy some of 
the familiar laws of algebra as 

+ B = B+ ^ 

A (B-hQ^A B + A'C 

However, other identities are not so familiar; 

X- (^4 B) « (X- .4) • (X-B) 

X- ^4 B« (X-X) + (X-B) 



A + B 


Fig. 1. Sets of point on a plane. 

Transformations. A transformation of a set X 
into a set F is a (unction that assigns a point of 
Y to each point of X. Such a transformation is 
also called a mapping. The transformation shown 
in Fig. 2 is the vertical projection of a set X onto 
a segment Y, The point assigned to X under a trans- 
formation / is called the image of x and denoted hv 
((a). Also, the set of all points r mapped into a 
particular point y of Y is called the inverse of y 
and denoted by / ‘(y). The inverse of v shown in 
Fig. 2 is the sum of three segments. The equation 
fix) = JC“ represents^ a transformation that takes 
each real number into its square, for example, 2 to 
4, —5 to 25, and so on. Rotations, congruences, 
and similarities arc examples of transformations 
from geomcirv. However, in general, a transfoima- 
tion may change both the size and shape of an ob- 
ject. 



Fig. 2. Vertical projection of a set X onto o seg- 
ment Y, 


Topology. Topology is one of the branches of 
mathematics that makes extensive use of set the- 
ory, Here, not only does one have sets of points 
for consideration but also collections of interiors of 
spheres or neighborhoods. These neighborhoods en- 
able one to study limit points and the continuity of 
transformations. See Conformal mapping; Ri^^^ 
theory: Topology. [r.h.blI 

Bibliography: E. Kamke, Theory of Sets^ trans. 
from 2d German ed., 1950. 


See Boolean algebra. 
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Sewage 

\ combination of ( 1 ) licfuid wastes c ondui led away 
from resident et», institutions, and business build 
mgs, and (2) the liquid wastes from industrial 
establishments with (3) such surface, ground and 
storm water as may find its way oi be admitted into 
the sewers Category (1) is known as sanitary or 
domestic sewage, category (2) is usua]l> leferrcd 
to as industrial waste, category (3) is known as 
storm sewage 

Relation to water consumption. Sewage is the 
waste water reaching the sewer after use, hence it 
IS related in quantity and in flow fluctuation to 
water use The quantity of sewage is generally less 
than the water consumption since some portion of 
water used for fire fighting lawn irrigation street 
washing, indiistiial processing and leakage does 
not leich the sewei These losses aie compensated 
for partly by the addition of watei from private 
wells ground water infiltiation and illegal conmc 
tjons from roof drains Water consumption increases 
with si/e of community served and many other com 
miinitv ihaiac tcristics Chaiacteristics of each citv 
must be studied and analv/ed for specific informa 
tioii As 1 general avertige estimate communities 
with ])opu1ation under 1000 use about 60 gal per 
( ipita pci da> (ged) while communities of 100, 
000 use about 140 ged In a 1957 study of large 
( itu s of the United States the median consumption 
w IS 154 ged and the median population was 658 
000 (Fig 1) An accepted unit flow for domestie 
sewage as shown m the table is 100 ged 

Infiltration of ground water should be held to a 
minimum It ma\ be exfiec led to be equal to or less 
thin 10 000 gal per da\ per mile of sewei includ 
lilt, house connections Much depends on the qiial 
it\ of St wer construction Water ma\ enter through 
pooily made joints and in cfuanlitv, thiough 
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Cleveland 
Milwaukee 

Denver 
Toledo 
Philadelphia 
Miami 
Pittsburgh 

Washington D C 
Baltimore 
Louisville 
Rochester 
Norfolk 
San Francisco 
Indianapolis 
Saint Paul 
Charlotte 
Providence 

0 50 100 150 200 

gallons per capita per day ' 

Fig 1 Estimated water use in 20 major cities (Research 
Division New York University College of Engineering 
New York) 

pootly construeted, leaky manholes and illegal and 
abandoned sewers Sewers in wet ground with a 
I igh waUi table will have more infiltration Sew 
ers under pressuie may have infiltration or leakage 
to tiu surrounding ground The danger of giound 
watei pollution from leaky sewers should be 
d\oided See St WACF roi i fc iioN systems 

Fluctuations in sewage flow are related lo water 
use c haracteiistic s but tend to dampen out since 
thfie is a time lag from the time of use to ap 
pearance in the sewe*r mains and trunks (Fig 2) 
Hoiirl) daily and seasonal fluctuations affect de 
sign of sewei s pumping stations and treatment 
plants 



Rates of sewage flow from various sources' 


(^haiac tc i of distnc t 

(f il tier 
capita 
fier day 

Gal per 
ac re iiei 
^ay 

Source of sewage 

Gal ix'r 
capita 
per day 

Domestic 



li Ciller courts 

50» 

Average 

100 


Motels 

53* 

High-cost dwellings 

150 

7 500 

State pnboiis 


Mediuni-c ost dwellings 

100 

8,000 

Maximum 

28(K 

Ixiw cost dwellings 

80 

16,000 

Average 

176 




Minimum 

104 

Commercial 


• 

Mriital liospitals 


Hotels, stores, and of- 



Maximum 

2J6« 

fiee buildings 


60,000 

Average 

m 

Maikets, warehouses. 



Minimum 

^s 

wholc^de distnc ts 


15000 

Grade sc hcxil 

44^ 




High Rchcxil 


Iiidustnul 





Light industry 


14,000 




I rorn H E Babbitt and E R Baumann, Sewerage and Sewage Treatnteni, 8th ed , Wiley, 1958 
^ From report of State Sanitaiy Engineers, Public Warkt^ p 108, March, 1957 
FromJ C Fredenc k, Pub/ie lFor£r, p 112, April 1957 
^ Average of 1 4 gal per day pei pupil between 7 30 a m and 5 30 p.m The average for the high schcKil is spread 
over mote hours per clay From C H Coberiy, Public Worki^ p 143, May, 1957 
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Fig. 2. Typical hourly variations in sewage flow. (From 
H £. Babbitt and £. R. Baumann, Sewerage and Sew- 
age Treatment, 8th ed., Wiley, 1958) 

Daily and sea^^onal variations depend largely on 
community characteristics. Weekend flows may be 
lower than weekday. Indiistridl operations of sea- 
sonal nature influence the seasonal average. Tlie 
seasonal average and annual average are about 
equal in May and June. The seasonal average is 
about 124^{ in late summer and may drop to about 
87 9? at the end of winter. Peak flows may reach 
200^ of average at the treatment plant and may be 
over 800 of average in the laterals. Laterals are 
designed for 400 gcd and mains and trunks for 
250 gcd 

Design periods. These are dependent on the 
proposed sewer construction. Lateral sewers may 
be designed for ultimate flow of the area to he 
sewered. Mains may be designed for periods of 
10 40 years. Trunk sewers may be planned for long 
periods with provision made in design for parallel 
or separate routings of trunks of smaller size to be 
constructed as the need arises. Economics, avail- 
able funds, and engineering judgment affect selec- 
tion of the design periods. Appurtenances may have 
a different life, since replacement of mechanical 
equipment will be necessary. A span of 20^25 years 
IS often selected and a time table of additions dur- 
ing that period is then scheduled in the over-all im- 
provement plan. 

Storm sewage. Storm sewage is liquid flowing 
into sewers during or following a period of rainfall 
and resulting therefrom. An estimate of the quan- 
tity of storm sewage is necessary in sewage design. 

Estimating quantity of storm sewage requires a 
knowledge of intensity and duration of storms, dis- 
tance water travels before reaching sewer, perme- 
ability and slope characteristics of the surface over 
which water flows to sewer inlet, and shape and 
amount of area to be drained to inlet. These gen- 
eial considerations are included in the equation 


Q « CAIR expressing the runoff from a watershed 
having no retention or storage of water. Q is ex- 
pressed in cubic feet per sec (cfs), A is area, / is 
the relative imperviousness of the surface expressed 
as a decimal, R is the rate of rainfall in inches per 
hour. C is a coefficient permitting the expression of 
the factors in convenient units; in the above units 
it may be taken as 1 so that the equation becomes 
Q = AIR. 

Time of concentration is a combination of the 
theoretical time required for a drop to run from 
the most distant point to the inlet and time from 
sewer inlet to point of concentration. The inlet time 
may range from 3 min for a steep alope on an im- 
pervious area to 20 min on a city block. The time of 
flow is assumed to be the velocity in the full flowing 
sewer divided by the length of sewer from inlet to 
point of concentration. Flood t rest and storage time 
while the sewer is falling are usually neglected, the 
effeii being that of assuming a laigei rate of flow 
and therefore providing a safety factor in design 

Values of /, the runoff coefficient, range from 
0 01 in wooded areas to 0.05 on roofed surfaces A 
common value used in residential areas with con- 
siderable land in lawn, garden and shiubbery is 
0.30-0.40. In built-up areas, values of 0.70 0.90 
may be used. 

Rainfall intensity values are selected on the basis 
of frequency and duration of storms. In some sewer 
design it is nei essar^ to select a value for the ex- 
pected occurrence of maximum runoff. This is done 
by using one of the several formulas which will al- 
low a prediction of R for 5, 10, oi 15 years. The 
element of calculated risk is combined with engi- 
neering judgment in deciding which R to choose 
For lesser structures in residential areas a .5-year 
frequency may be used with reasonable safety 
Where failure would endanger property, the 10-. 
15-, or 25-year frequency of occurrence provides a 
more conservative design basis; 50-year frequeniv 
mav be selected where flooding could cause lasting 
damage and disrupt facilities. In such instances 
cost-benefit studies may be made to guide the selec- 
tion of a suitable frequency See Hydrology 

Pumping sewage. Not all sewage will flow by 
gravity without unnecessary expense in circuitous 
routing oi deep excavation, therefore, pumping sta- 
tions may be advantageous. Pumping stations mav 
be required in the basements of large buildings. 
Pumping stations are provided with two or more 
pumps of sufficient capacity so that with one unit 
out of service the remaining unit or units will pump 
the maximum flow. Motive power is required from 
at least two sources, usually electric motors and 
auxiliary fuel-fed motor drive. Care must be taken 
to have motive power above flood level and pro- 
tected from the elements. Screening is usually re- 
quired ahead of pumping stations, unless the pumps 
themselves are self-cleaning. Many states require 
that pumping units be installed in a dry well and 
that sewage be confined to a separate wet well- 
Buildings above ground should fit the surroun^ 
ings. Small pumping stations are often one unit and 


made fully automatic so that minimum attendance 
IS required. Safety measures must be considered. 
Centrifugal pumps are used almost exclusively in 
larger stations. Air ejector units may be installed 
in smaller stations. 

Examination of sewage. Sewage is actually wa- 
ter with a small amount of impurity in it. Examina- 
tion of sewage is required to know the effects of 
these impurities. Various tests are used to aid in de- 
termining the characteristics, composition, and con- 
dition of sewage. These include physical examina- 
tion, solids determination, tests for determining the 
oxygen requirement of organic matter, chemical 
and bacteriological tests, and examination under 
the mi< roscope. 

Physical tests for turbiditv. odor, color, and tem- 
perature are made. Normal fresh sewage is grav 
and somewhat opaque has little odor, and has a 
ternpeiature slightly higher than the water supply 
Decomposition of organic matter darkens the sew- 
age. and odors are characteristic of stale oi septic 
sewage 

Tests for residue or solid matter provide an in- 
dnation of the tvpes of solids, the strength of the 
sewage, and the physical state of the solids. Total 
solids determinations measure both suspended and 
dissolved solids. A sample of the sewage is filtered 
rile suspended solids can be determined bv drying 
the material recovered on the filter The dissolved 
solids can be detei mined by evaporation of the 
filleted portion. Heating the solids residue until 
organic matter gasifies separates volatile solids 
from fixed solids or inorganic ash. Loss on ignition 
rcpiesents the volatile or organic fraction and is a 
uood measure of sewage stiength. 

Measurement of the part of the suspended solids 
h('dv> enough to settle is made in an Imhoff cone 
The settleable-solids test is useful in detei mining 
kludge-producing characteristics of sewage. 

Tests for organic matter are made principally 
to determine the oxygen requirement of sewage 
These tests include the biochemical oxygen de- 
mand test (BOD), the chemical oxygen demand 
the oxygen consumed test, and the relative 
stability test. Organisms in sewage require oxygen 
for growth and the BOD measures the amount of 
dissolved oxygen required for decomposition of or- 
ganic solids for a measured time at a constant tem- 
perature. The standard measurement is made for 
days at 20°C and is a good measure of sewage 
strength. Since the BOD measurement includes both 
biological and chemical oxygen requirement, an- 
other test, the chemical oxygen demand, is some- 
times used to measure the chemical oxygen require- 
ment. Sewage is heated in the presence of an 
oxidizing agent such as potassium dichromate. The 
oxygen requirement is that of chemical digestion 
since all organisms have been killed. This test has 
somewhat limited use. The oxygen consumed test 
uses potassium permanganate as the oxidizing 
^grnt. Tlie result offers some index of the readily 
oxidizable carbonaceous material. The relative sta* 
bility test indicates when the oxygen present in 
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plant effluent or polluted water is exhausted. The 
data express as a percentage the approximate 
amount of oxygen available in water in relation to 
the amount required for complete stability. The 
test is a color test using methylene blue. Reducing 
agents, precipitation of color, concentration of dye, 
amount of dissolved oxygen in the sample, and 
other factors affect the reliability of this lest, and 
it is considered generally as a rough or screening 
test of the condition of plant effluent. Tests for 
nitrogen include those for free ammonia, albumi- 
noid ammonia, organic nitrogen, nitrites, and ni- 
trates The latter are indications of oxidation 
change and stabilization and are used in checking 
condition of plant effluent. 

Bacteriological tests are made primarily to de- 
termine the presence of organisms of the coliform 
group. The organisms exist in the intestines of 
warm-blooded animals and are used as an index of 
the presence of fecal material. The coliform test is 
made on chlorinated effluents to determine the 
efficiency of chlorination. Otcasionally other bac- 
teriological determinations are made in special 
studies to determine the presence of organisms of 
the Salmonella group or dysentery group in pol- 
luted water and sewage. 

Microscopic tests are not normally made on raw 
sewage. They are used as part of plant operator 
control in treatment pro''e&ses. Examinations for 
the presence of algae, protozoans, bacteria, fungi, 
rotifers, and worms are made when necessary. See 
B Af TFRioi OGY ; Bioi OG Y ; Pro rozo a. i w.t.i. ] 

Bibliography : APHA-AWWA-FSIW A Joint 
Committee, Standard Methods for the Examina- 
tion of Water, Sewage, and Industrial Wastes, 
lOlh ei, 195,S; W. T. Ingram, W^ater Fluoridation 
Practires in Major Cities of the United States, 
pt. 1, Research Division, New York University 
College of Engineering, 1958: F. A Kristal and 
F. A. Annett, Pumps, 2d ed., 1953. 

Sewage collection systems 

Systems of pipes and conduits, together with con- 
trol devices, pumping stations, and appurtenances 
used for the collection and transfer of waste wa- 
fers. Waste waters may include sanitary sewage 
(that is, the liquid wastes of residential premises), 
industrial wastes, storm waters, and ground-water 
infiltration. See Sewagk. 

Sewer pipe. Sewer pipe is manufactured from a 
number of different materials, such as vitrified clay, 
concrete, asbestos cement, corrugated iron, cast 
iron, and steel. Plastics, bituminous wood fiber, and 
wood stave pipe also are used. All sewer pipes may 
be surcharged or filled at some time and must be 
capable of withstanding some hydraulic pressure. 
Pressure lines connected to pump discharge, or 
lines carried under roads or streams, that is, in- 
verted siphons, are designed for the particular 
condition, and materials which withstand pressure 
are selected. 

Sewers are laid underground and must be able to 
withstand external pressures such as those caused 
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Fig. 1. Diagram of joint for asbestos-cement pipe. 
(From H. E. Babbitt and E. R, Baumann, Seweroge and 
Sewoge Treatment, 8th ed,, Wiley, 1958) 



Fig. 2. Types of joints for bell-and-spigot pipes. (From 
H, E. Babbitt and E. R. Baumann, Sewerage and Sew- 
age Treatment, 8th ed., Wiley, 1958) 


bv water, and the extra weight of traffic . Lai ge- 
dia meter reinforced <Mincrete ^^ewer*' or condiiit*^ 
ma^ he constructed in plai e 

Pipes are made in various lengths. Pipe joints 
are of manv tvpes. An asbestos-cement pipe joint 
is shown in Fig. 1. The bell-and-spigot and ting 
t>pes are common (Fig. 2). lointing materials in- 
clude cement, moitai. asphalt, plastics, sulfur, rub- 
bei, rings, and plastic gasket. 

Cla> sewer pipe is inanufac tuied in strengths and 
with dimensions as pi(»vided in \meiican Soc ietv 
for Testing Materials (ASTM) Specifications C13, 
C261. C200. and C268. Safe supporting strengths 
are specified in Tables 1 and 2. 

Concrete sewer pipe is manufactured as provided 
in ASTM Specifications CH, C76, and C362 As- 
bestos-cement pipe is rccfuired to meet Federal 
Specifications SS-P-.LUA for gravitv flow and 
ASTM Specific at ion C2% where pressuie pipe is 
rc(]uired. See SratNCi^rfi oi matI'Riai s. 

Precast concrete pipe is made bv spinning or 
tamping semidrv concrete against a mold The 
centrifugal iiroces*. was inlioduced in the United 
States in the 1920s. Reinfoiced conciete pipe i*' 
also made b\ the c*entrifngal method Reinforcing 
is placed as a single, double, or elliptical cage 
(Fig, 3). It ma> also be a steel plate cylinder 

Special conditions of soil, constiuction, geolog>, 
piessure. and capacity may requiie sewers to be 
built in place. Concrete c*onstriiction of circulai, 
elliptical, egg shape, and horseshoe shape rc^quiies 
special forming of wood or metal (Fig 41. Machine 
tamping and vibration ecpiipment are used to pro- 
duc*e a dense, iinpeivioiis c’onciete shell. Concrete 
in pipe is designed to withstand 3000 4000 psi. 
Required thickness of shell and amount of rein- 
forcing are designated in spec ifications. 

Both internal and external corrosion of sewer 
pipe can occur. Metals are attacked unless cor- 
rosion-resistant alloys are added. Organic mate- 
rials in sewage are attac^ked b\ bacteria and other 
microorganisms and form acids which attack con- 
crete and metals. Piotective coatings of asphalt 
compounds and, within the last 5 years, plastics 
and epoxy resins have been applied to interior 
pipe surface. Exterior corrosion may occur due to 


Table 1. Crushing strength raquirements 
for standard strength clay sowar pipe 


Si/o, in 

Average strength, min, lb 
per lineui ft 

Three-edge- Sand-hearing 

liediiiig method mc^thod 

1 

1000 


1500 

6 

1100 


1630 

8 

1.300 


10.30 

10 

1 iOO 


2100 

12 

1500 


22.30 

ir> 

17.30 


262.3 

IH 

2000 


.3000 

21 

2200 


33(H) 

21 

2100 


3600 

27 

2730 


112.3 

.10 

.1200 


1800 

.1.3 

3300 


3230 

36 

3000 


3830 

Table 2. Crushing strength requirements 
for extra strength clay sewer pipe 



Xver.ige slie 

iigth 

mill, lb 

Nunn Hill si/c. 

pel liriftii 

It 

in 

Thiee f dge 
iMMiiiifi method 

S.ind bean rig 
ini>thod 

6 

2000 


3000 

8 

2000 


3000 

10 

2000 


1000 

12 

2230 


3373 

13 

2730 


1123 

18 

3300 


1050 

21 

3830 


377.3 

21 

1100 


6600 

27 

1700 


7030 

30 

3000 


7300 

33 

^loo 


8230 

36 

6000 


0000 


single circular cage 
reinforcement 


double 

circular cage elliptical 

reinforcement cage reinforcement 



for internal for internal 

pressure and external 

pressure 

after form ring is removed, 
rod IS cut off flush with concrete 






for external 
pressure 

internal mortar |Oint 
■ ^ ■ 1 r - 7 T 



plate 


form end ring 



method of holding 

cage support 

finished 

reinforcement cage 

at center 

joint 


in form 


Fig. 3. Methods of reinforcing concrete pipe. (From 
H. E. Babbitt and E. R, Baumann, Sewerage and Sew- 
age Treatment, 8th ed., Wiley, 1958) 





elertrolybis, bimetallic corrobion, and electrochemi- 
cal and bacterial attack. See Corrosion. 

S6Wag6 flow. Thib must be known or estimated 
to complete design. Storm water from roof drain- 
age or ground and street surfaces is excluded. 

Velocity. Velocity of flow must be maintained at 
a rate suflicient to carry contained sewage solids. 


.pay excavation 


steel liner plates 
between 5" I-beam ribs 





semielliptical, Tulsa 

rock 

payment line 
class A / 

concrete 




construction 

class A 
if concrete 
payment 
line 


section in 
earth 


no rock 
to pro|ect 
inside this 
me 

jvitrified 

2 '- 6 ' *^ 1^7 

7««j [«. 7-10' 

section m Circular section 

rock in earth is suitable for 

soft material 


circular and inverted egg, Louisville. 

Fig 4 Sewer shapes (From E. W Steel, Water 
Supply and Sewerage, 3d ed , McGraw-Hill, 1953) 



ratio of hydroulic elements of the filled 
section to those of the full section 


^'9 5. Hydraulic elements of o circular pipe. (From 
^ VV. Steel, Water Supply and Sewerage, 3d ed., 
^cGrow-HiVl, 1953) 
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Fig. 6. Nomogram based upon Manning formula 
(From f. W. Steel, Water Supply and Sewerage, Me- 
Graw-Hill, 1953) 



total energy head, H 


V* 

— ss o ^ 

2g 

Fig. 7. Depth of flow versus total energy head. (Amer- 
ican Society of Civil Engineers, Manual of Design and 
Construction of Sanitary and Storm Sewers No 37, 
1959) 


For sanitar> sewage the minimum velorit\ is 2 
fl sec and for storm water th»‘ minimum velocity is 
2.5 (t sec. In a circular pipe the \elocit\ is the 
same whethet flowing half full or full : at oiie-fouith 
depth it is about two-thirds that when flowing full. 
The maximum flow occurs at about 0.9 depth and 
the maximum velocity occuis at about 0.8 depth 
(Fig. A pipe carr>ing design flow when flowing 
full piovides about safety factor in handling 
j^eak flows. Tables, charts, and monographs have 
been constiucted to aid in the solution of pipe flow 
problems (Fig. 6). 

Transitions. Changes in direction, grade, eleva- 
tion, and pipe bize and the union of two or more 
sewers into a common trunk are carried out at 
manholes and junction points. Inlet and exit losses 
introduced in such structures must be included in 
computation of the hydraulic grade line. At the 
end of a sewer pipe or at a n\arked change in slope, 
the flow of liquid is no longer uniform. Velocity 
may be decreasing as in the case of a reduced 
slope, or increasing with increase in slope or free 
fall at end of line. These points of change are 
called transition points. Design of sewers must pro- 
vide for transition changes in hydraulic gradient. 
See Fluid-flow principles; Fluid mechanics. 
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Fig. 8. Dropdown and backwater curves. (From H. E. 
Babbitt and E, R. Baumann, Sewerage and Sewage 
Treatment, 8th ed., Wiley, 1958) 



not* d, I normal dopfh upstream ‘do 
seriueni depth downstream 


Fig. 9. Free hydraulic jump. (From H. E, Babbitt and 
E R. Baumann, Sewerage and Sewage Treatment, 
8th ed., Wiley, 1958) 


Critical depth. Eneigv is mininidl for a givfn 
tToss set tion and discharge. Under critical flow con- 
dition (Fig. 7) there is only one depth, velocity, 
and hydraulic gradient that will satisfy the energy 
equation of flow in open channels, expiessed in 
terms of depth. This relationshi]) may be solved 
graphically or by nomograph when channels are 
irregular in shape or when the hydraulic radius 
and area are not conveniently expressed in terms 
of depth. 

At conditions of flow other than critical, alternate 
stages at which the same flow may take place are 
pobhihle. These stages are the normal depth or up- 
per-stage, and lower depth or lower-stage flow. Var- 
iations in velocity occur at dropdown curves, hack- 
water (urvess, and hvdraiilic pimps The dropdown 
curve occurs near the free outlet end of a sewer 
where the velocity of flow is increabing. The back- 
water curve is caused by an obstruction in the 
sewer such as a dam or by discharge into a bodv of 
water whose surface is above the normal level of 
flow in the sewer. A backwater curve will also re- 
bult fiom flattened grade. The velocity of flow de- 
creases in the backwater curve. Dropdown and 
backwater curves are illustrated in Fig. 8. 

The hydraulic jump occurs when the depth of 
flow changes abruptly from the lower stage to the 
upper stage (Fig. 9). For most sewer shapes the 
length of transition (or the several conditions men- 
tioned i« calculated by trial and error, since the 
formulas are complex. 

Sewtr appurtenances. Sewer appurtenances are 
manholes, inlets, regulators, inverted siphons, and 


outfalls. A manhole is an opening from the ground 
or street surface permitting a man to enter to make 
examinations and repairs (Fig. 10). Manholes are 
spaced along the sewer at 300- to 500-ft intervals or 
placed at any other point where access is neces- 
sary. 

Inlets. An inlet provides an opening for storm 
water and is usually placed at the curb line of the 
street. The structure below the inlet is called a 
catch basin (Fig. 11). A short length of sewer con- 
nects the inlet or catch basin to a manhole on the 
sewei. 

The capacity of inlets is determined by compli- 
cated analytical methodb. The length of opening is 
a function of the amount of stofm water, gutter 
shape, and depth. See Highway lnginefring; Hy- 

DRATJLirS. 

Regulators. A regulator is a device designed to 
divert sewage flow from one sewer to another chan- 



Fig 10. Deep manhole with access to large sewer 
(From E. W. Steel, Water Supply and Sewerage, 3d 
ed., McGraw-Hill, 1953) 



ond curb Inlet 


Fig. n. Types of catch bosins. (From C. W. Steel, 
Water Supply and Sewerage, 3d ed., MeGraw^H^* 
1953) 
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Fig 12 An inverted siphon. (From E W, Sfeet, Wafer 
Supply and Sewerage, 3d ed., McGraw-Hill, 1953) 



outfall of combined sewer in*o a stream 
terminal chamber or 



outfall with multiple nozzles in tidal estuary 


^<9 13 Sewage outfalls. (From G. M, Fair and J. C. 
Oeyer, Elements of Water Supply and Waste-Water 
Disposal, Wiley, 1958) 


It \h most frequently used in combined sewef 
'stems to regulate the amount of storm water per- 
niitted to flow to a sewage treatment plant. T\pes 
of regulators include side flow weirs, leaping weirs, 
float-operated gates and valves. Practice varies, 
^Hit regulators are usually designed to divert twice 
thiee times the dry weather flow. 

Inverted siphons. An inverted siphon is a length 
of sewer set below hydraulic grade line so that it 
flows under pressure between an inlet chamber and 
an outlet chamber (Fig. 12). It is usually con- 
’'true led with two or more pipes of smaller diame- 
|er to regulate velocity at minimum and maximum 
flow and to avoid clogging and reduce cleaning. 
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Outfall. The outfall is a structure designed to 
admit treated or untieated sewage to a receiving 
bodv of water (Fig. 13). It may be submerged or 
partiallv submerged. Storm waters may flow en- 
tirelv above water level. The simplest form is a 
head wall supporting a pipe end equipped in some 
instances with a tide gale to prevent backflow un- 
der high water conditions. Treatment plant outfalls 
frequently are carried into deep water and the pin- 
ing ends in a series of outlets, rosette-shaped or in 
fingers, to provide dispersi<in of the effluent flow. 
Openings may be turned upward to prevent clog- 
ging liv shifting bottom deposits. 

Sewer system design. A comprehensive study 
of the con)munit\ oi area to be sewered is made for 
the purpose of estimating the flow that must be 
handled by the system at some future period of 
time, such as 10 or 20 years, or the period of ulti- 
mate development. Decisions must be made con- 
cerning the type of system to be constructed, sepa- 
rate or combined. 

I nt estimations. Major factors affecting the quan- 
tity and flow patterns of sanitary sewage are 
(1) population and population increase; (2) pop- 
ulation densii\ and density change; (3) water use, 
watei demand, water consumption; (4) industrial 
requirements present and future; (S) commercial 
lequirements present and future; (6) expansion 
of service geographically; (7) ground-water geol- 
og\ of area; (8) topography of area 

A preliminary layout of sewers and tentative 
selec tion of sizes, grades, and location follows. 
Physical charac’teristics of the areas to be sewered 
aie determined and attention is given to elevation 
and plan location of roads, streets, water courses, 
buildings, basements, underground utilities, and 
geology. The preliminary report includes a plan of 
the proposed s\stem together with an estimate of 
its cost. After the preliminary design is accepted 
final design begins. Field work is required to es- 
tablish location and elevation of all existing struc- 
tures that may affect the design. Borings are made, 
if necessary, to determine soil and foundation char- 
acteristics along the route of sewers and system 
stiuctiires. Final plans and profiles, specifications, 
•and cost estimates are prepared. The project is 
then readv for the letting of bids and construction. 

Plans for construction of sewers usually re- 
quire review and approval by a supervising state 
agency such as the health department. The engi- 
neer must become familiar with specific regula- 
tions,and legal requirements applicable to the ap- 
proval of plans for sewers in the state in which 
work is to be done. 

Sanharr sewer system design. The completed 
design will include a general map of the whole 
area, showing location of all sewers and structures 
and the drainage areas; detailed plans and profiles 
of sewers, showing ground levels, size of pipe, and 
slope and location of appurtenances ; detailed 
plans of all appurtenances and structures; a com- 
plete narrative report with necessary charts, 
graphs, and tables to make clear the exact nature 
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Fig. 14. Typical sewer-cleaning operation. (From E. W. 
Steel, Water Supply and Sewerage, 3d ed., McGraw- 
Hill, 1953) 


of the project; complete .specifications; and a con- 
fidential estimate of cost*^ made availalde to the 
authority or owner. 

Kxtensive plans leijiiire tabulation of data be- 
ginning at the upper end of the system and pro- 
ceeding downstream from manhole to manhole 
bringing into the computation ea(*h addition to 
flow from connet'ting sewers. Details of such tabu- 
lations appear in standaid textbooks. 

Storm sewer system design. As in sanitary sewer 
design an estimate must be made of the amount of 
ualei to be «’arried by the system. Factors ^hich 
must be considered include topography, surface 
permeabilit\, rainfall intensity and duration, time 
of runoff, and lime of concentration in sewers. The 
method of anahsis is disccissed in textbooks on 
h>drolog\, h>draulics, and seweiage. The proce- 
dure for design and report i.s essentially that de- 
sciibed for sanitary sewers. 

Combined s\ stems. Combined system design con- 
siders factors for both sanitary and storm sewer 
flow, f’lovision must be made for handling dry 
weather or sanitary flow at proper velocity in sew- 
ers that ma> cany large quantities of water follow- 
ing rainiall. Design is complicated by the need for 
diveision of waters not flowing to the sewage treat- 
ment plant. .Structures for di\ersion are located at 
or near appropriate water courses, and the eflFects 
of discharging polluted wafer, a combination of san- 
itary and storm waters, must be fully inyestigated. 

S6W6rag6 system construction. Many features 
of sewer construction are no different from other 
types of construction {see Construction enci- 
NEERiNt,'^. Excavatior of trenches and laying of 
pipe in trenches and tunnels require some varia- 
tion in con.strucTjon method.s. To consfruc’t a sewer 
it is* nec'essary to remove pavement and ground 
overburden: use sheeting and bracing to support 


vertical side walls or the sides and crown of tun- 
nels; dewater the trenc*h; protect all adjacent 
pipe.s and structures both in and on the ground; 
backfill, tamp, and settle soil over fini.shed pipe; 
and replace pavement. 

Maintenance. Roots and accumulations of de- 
bris must be removed from sewers periodically 
(Fig. 14). Special equipment is used to clean out 
sections of pipe between manhf>les. An instrument 
designed to cut roots and scrape sand is installed 
at a manhole and is attac*hed to rods or cable 
placed in the sewer. This is pushed oi pulled for- 
ward. Accumulations are raised to the surface by 
bucket or similar equipment. .Safety precautions 
must be taken by inspeettirs and workmen to avoid 
the hazards of sewer gases and insufficient oxygen. 

[ w.r.i. I 
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Sewage disposal^ 

All waste waters are eventually discharged into sut- 
face- or ground-water lourses, which constitute the 
natural drainage of an area. Most waste waleis 
contain offensive and potentially dangerous sub- 
stances, whic‘h (Win cause pollution and rontamina- 
tion of the receiving water bodies. Contamination is 
defined as the impairment of water quality to ii 
degree that cieates a hazard to public health. Pol- 
lution refers to the adverse effects on water (pialitv 
that interfeip with its proper and l)(‘nefi( iai use. 

In the past, the dilution afforded by the receiving 
water body was usually great enough to lender 
these waste substances innocuous. .Since the turn 
of the c'enturv, however, the dilution of many iheis 
has been inadequate to absorb the greater waste 
discharges caused by the increase in population 
and expansion of industry. 

The principal sources of pollution are domestic 
sewage and indii.strial wastes. The former includcb 
the used water from dwellings, commercial estab- 
lishments. and stieet washings. The industrial 
wastes constitute the acids, chemicals, oils, and ani- 
mal and vegetable matter carried by the cleaning 
or used process waters from factories and plants. 
For a discussion of sources of wastes, see Sewacf. 

Regulation of water pollution. This is primarily 
a responsibility of the state, in cooperation with the 
federal and local governments. The health depart- 
ments of many states are given .statutory power 
and responsibility for the control of water pollu- 
tion. and they have established specific water qujih 
ity standards. There are two basic types of stand* 



ards — stream standards, dealing with the quality 
(d the receiving water, and efBuent standards, re- 
ferring to strength of wastes dischargtHl. Both 
types are based on the capacity of the receiving 
waters to absorb waste substances and on the bene- 
fit ial uses made of tbe water. 

The self-purification capacity is determined by 
the available dilution, the biophysical environment 
of the stream, and the strength and characteristics 
of the wastes. Beneficial uses include drinking, 
bathing, recreation, fish culture, irrigation, indus- 
trial uses, and disposal of wastes without creation 
of pollution. 

Adiustment of these conflicting inteiests and 
equitable distribution of water resources is com- 
plex from the technical, economic, and political 
\iewpoints. These considerations have led to the 
tstdblishrnent of interstate commissions, which pro- 
\idc a means of coordinated control of the larger 
ii\eis 

Water-quality ciiteria deal with the physical, 
(hemical. and biological parameters of pollution. 
The most common standards are concerned with 
physical appeaiame. odor production, dissolved- 
owgen concent! at Jon, pathogenic contamination. 
«infl potenticilh toxic oi barmful chemicals. For a 
di'^cussion of these chaiar leristics, see Si-wagf The 
allowable quantity and cone entration of these char- 
aitPTistics and substances vary with the water 
■isage 

\bsence of odor and unsightliness and the pres- 
ciue of some dissolved ox>gen aie common mini- 
niiiin standards. Pieliminarv or primal y tieatment 
of waste waters is usualh required for the main- 
t( iiaiK e of these standards Highest quality waters 
Hcfuiie ilarit>. oxygen satuiation. low bac teriologi- 
mI counts, and absenc'e of harmful substances. In 
these c ases, intermediate oi complete treatment 
?Tia\ be required. See Sfwacf IRFAIMLNI; WAltR 
ANXnsis, WaIFR PlIRIHf aiion. 

Stream pollution. Biological, or bacteriological, 
pollution is indicated by the presence of the cedi- 
forin group of organisms. While nonpatliogenic 
Hself, this group is a measure of the potential 
presence of contaminating organisms. Because of 
*nnperatuie, food supply, and predators, the en- 
vironment provided by natural bodies of water is 
not fdvoiable to the growth of pathogenic and 
•oliforiti organisms. Physical factors, such as floe- 
* Illation and sedimentation, also help remove these 
hdc reria. Any combination of these factors provides 
flie basis for the biological self-purification capac- 
ity of natural water bodies. 

W^hen subjected to a disinfectant such as chlo- 
rine, bacterial die-away is usually defined by 
Click’s law, which states that the number of or- 
Rdnisms destroyed per unit of time is proportional 
tn the number of organisms remaining. This law 
lannot be direi'tly applied in natural streams be- 
I'au'ie of the variety of factors affecting the removal 
find death rates in this environment. The die-away 
I’ rapid in shallow, turbulent streams of low dilu- 
and slow in deep, sluggish streams with a high 
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dilution factor. In both cases, higher temperatures 
increase the rate of removal. 

The concentration of many physical characteris- 
tics and chemical substances may be calculated 
directly if the relative volumes of the waste stream 
and river flow are known. Chlorides and mineral 
solids fall into this category. Some substances in 
waste discharges are chemically or biologically un- 
stable, and their rates of decrease can be predicted 
or measuied directly. Sulfites, nitrites, some phe- 
nolic compounds, and organic matter are examples 
of this type of waste. 

These simple relationships, however, do not ap- 
ply to the concentration of dissolved oxygen. This 
factor depends m>t only 011 the relative dilutions, 
but also upon the rate of oxidation of the organic 
material and the rate of reaeration of the stream 

Nonpolhited natural waters are usually saturated 
with dissolved oxygen. They may even be super- 
saturated due to the oxygen released by green 
water plants iindei the influence of sunlight. When 
an organic waste is discharged into a stream, the 
dissolved oxygen is utilized hv the bacteria in thc'ir 
metabolic processes to oxidize the organic matter. 
The oxygen is replaced bv leaeiation through the 
water surface exposed to the atmosphere. This re- 
plenishment permits the bacteria to continue the 
oxidative process in an aerobic environment. In 
this state, reasonably clean appearance, freedom 
from odors, and normal animal and plant life are 
maintained 

An incTease in the concentration of organic mat- 
ter stimulates the growth of bacteria and increases 
the rates of oxidation and oxygen utilization If the 
concentration of the organic pollutant is so great 
that the bacteria use oxygen more rapidly than it 
can he replaced, onlv anaen»hi( bacteria can sur- 
vive and the stabilization of organic matter is ac- 
complished in the absence of oxygen Under these 
conditions, the water becomes unsightly and malo- 
dorous, and the normal flora and fauna are de- 
stroyed. Furthermore, anaerobic decomposition 
proceeds at a slower late than aerobic. For mainte- 
nanc'e of satisfactory c'onditions. minimal dissolved 
oxygen concentrations in receiving sti earns are of 
j^rimaiy iniportancT. .See Bac tfrial MfrABoLisivi: 
Water mk robtoi ocy . 

Figure 1 shows the effect of municipal sewage 
and industrial wastes on the oxygen content of a 
stream. Cooling watei, used in sonic industrial 
processes, is characterized by high temperatures, 
which reduce the capacity of water to hold oxygen 
in solution. Thermal pollution, however, is signifi- 
cant onlv when large quantities are concentrated 
in relatively small flows. Municipal sewage re- 
quires oxygen for its stabilization bv bacteria. Oxy- 
gen is utilized more rapidly than it is replaced by 
reaeration, resulting in the death of the normal 
aquatic life. Further downstream, as the oxygen 
demands are satisfied, reaeration replenishes the 
oxygen supply. 

Any organic industrial waste 4)roduce8 a similar 
pattern in the concentration of dissolved oxygen. 
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Fig. 1 . Variation of oxygen content of polluted stream. 


Certain rhemiral wa««tes have hi|;h ox^t^en demands 
which mav be exerted tfuicklv, producing a sudden 
drop in the dissolved <ix>gen content. Other chemi- 
cal wastes may be toxic and destroy the biologic al 
activity in the stream. Strong acids and alkalies 
make the water corrosive, and dyes. oils, and float- 
ing solids render the stream unsightly. Suspended 
solids, such as mineral tailings, may settle to the 
bed of the stream, smolhei purifying microorgan- 
isms. and destroy breeding places. Although these 
latter factors may not deplete the oxygen, the pol- 
lutional effects may still be serious. 

Deowgenation. Polluted waters are deprived of 
oxygen by the exertion of the biochemical oxygen 
demand (BOD), which is defined as the cfuan- 
tity of oxygen required by the bacteria to oxidize 
the organic rnattc*r. The rale of this reaction is 
assumed to be proportional to the concentration of 
the remaining organic matter, measured in terms 
of oxygen. This reaction may be expressc'd as fol- 
lows 


dL 

dt 


-A'li 


which intc*grates to 

Li - 

or y » Zo(l — 

in which Lt is BOD remaining at any time, t; Lo is 
ultimate BOD: y is BOD exerted at end of time, t; 
Al IS coefficient defining the reaction velocity; and 
t is time. The coefficient is a function of tempera- 
ture 


Ki * • 1.047^ 

in which T is temperature in degrees centigrade; 
A? is value of the coefficient at temperature T; and 
A 20 is value of the c-oefficient at 20® C. 

The BOD of a waste is determined by a standard 
laboratory procedure and is reported in terms of 
the 5-dav value at 20®C. From a set of BOD values 
determined for any time sequence, the reaction 
velocity constant K\ may be calculated. Knowledge 
of this coefficient permits determination of the ulti- 
mate BOD from the 5-day value in accordance with 
the above equations. For municipal sewages and 
many industrial wastes the value of K\ at 20®C is 
between 0.15 and 0.75 per day. A common value for 
sewage is 0.4 per day. 


The coefficient determined froig laboratory BOD 
data mav be significantly different from that c alcu- 
lated for stream BOD data. The determination of 
the stream rate may be made from a reexpression 
of the above equations as follows 





At 

Lb 


L\ is the BOD measured at an upstream station 
snd Lh the BOD at a station downstream from 1. 
and t is the time of flow between the two stations 
Values of K, range from 0.10 to 3.0 per day The 
difference between the laboratory rate Ai and 
the stream rate Kr is due to the turbulence of the 
stream flow, biological growths on the stream bed. 
insufficient nutrients, and inadequate bacteria in 
the river water. Tl|(6se factors influence the rate ol 
oxidation in the stream as well as the removal <d 
organic matter. Such processes as flocculation 
sedimentation, and scour of the organic material in 
the river affcit the removal rate but do not neces 
sarily influence the rate of oxidation and the as 
social ed dissolved oxygen concentration. Field siir 
veys are usually required to determine the polluti(»n 
assimilation capacity of a stream. 

When a significant portion of the waste is in the 
suspended state, settling of the solids in a slow 
moving stream is probable. The organic fraction of 
the sludge deposits decomposes anaerobically, ex- 
cept for the thin surface layer which is subjected 
to aerobic decomposition due to the dissolved oxv 
gen in the overlying waters. In waim weather, when 
the anaerobic decomposition proceeds at a more 
rapid rate, gaseous end products, usually carbon 
dioxide and methane, rise through the supernatant 
waters. The evolution of the gas bubbles may raise 
sludge particles to the water surface. Although this 
phenomenon may occur while the water contains 
some dissolved oxygen, the more intense action 
during the summer usually results in depletion of 
dissolved oxygen. 

Reoxygenation, Water may absorb oxygen from 
the atmosphere when the oxygen in solution fall** 
below saturation. Dissolved oxygen for receiving 
waters is also derived from two other sources: that 
in the receiving water and the waste flow at the 
point of discharge, and that given off by 
plants. The latter source is restricted to dgylig"* 
hours and the warmer seasons of the year ana 
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therefore, is not usually used in any engineering 
analysis of stream capacity. 

Unpolluted water maintains in solution the maxi- 
mum quantity of dissolved oxygen. The saturation 
value is a function of temperature and the concen- 
tration of dissolved substances, such as chlorides. 
When oxygen is removed from solution, the defi- 
nency is made up by the atmospheric oxygen, 
\vhich is absorbed at the water surface and passes 
into solution. The rate at which oxygen is absorbed, 
or the rate of reaeration, is proportional to the 
degree of undersaturation and may be expressed 
as follows: 



in which D is dissolved oxvgen deheit, t is time, and 
Xj IS reaeration coefficient. 

The reaeration coefficient dep<*nds upon the ratio 
of the volume to the surface area and ihe intensity 
of fluid turbulence. An approximate value of the 
( <ielTH lent ma> be obtained from the following 
foimiila: 

^2 ppi2 

in which Df is coeffi< ient of molec ular diffusion of 
<i\\gen in water, U is aveiage veloc itv of the river 
[low, and H is aveiage depth of the river section 
The effo<*l of temperature on this coefficient is 
iiicntn al with its effec t on the deoxygenation coeffi- 
( u 111 \ i ommon range of K* is from 0 20 to 5.0 
pel dav. Many waste ( onstituents, such as suiface 
otive substances, interfere with the molecular dif- 
liision of oxvgen and reduce the value of the reaera- 
tion late from that of pure watc'r. Winds, waves, 
rapids, and tidal mixing are factors which create 
(IK Illation and surface renewal and enhance 
leaei at ion. 

Oxygen balance. The oxygen balance in a stream 
^ dc'termined by the concentiation of organic mat- 
ter and its rate of oxidation, and by the dissolved 
oxvgen concentration and the rate of reaeration. 
Ihe simultaneous action of deoxygenatiori and 
reaeration produces a pattern in the dissolved oxy- 
gen concentration known as the dissolved oxygen 
''ag. The differential equation describing the com- 
Isned action of deoxygenation and reaeration is as 
follows: 

^ - KiL - KJ) 

This equation states that the rate of change in 
the dissolved oxygen deficit D Ls the result of two 
independent rales. The first is that of oxygen utili- 
Saturn in the oxidation of organic matter. This re- 
‘it'tion increases the dissolved oxygen deficit at a 
rate that is proportion&l to the concentration or 
organic matter L. The second rate is that of reaera- 
which replenishes the oxygen utilized by the 
Aral reaction and decreases the deficit. Integration 
this equation yields 


Dt -i 

K2 - Kr 

Lo and Do are the initial biochemical oxygen de- 
mand and the initial dissolved oxygen deficit, re- 
spectively, and Dt is the deficit at time /. The pro- 
portionality constants and represent the 
coefficients of deaeration and reaeration, respec- 
tively, and Kf the coefficient of BOD lemoval in the 
stream. 



Fig. 2. Typical dissolved oxygen sag curve and its 
components. 


Figure 2 shows a typical dissolved oxvgen «ag 
curve resulting from a pollution of amount Lo at 
t = 0. The sag rurve is shown to result from the 
det>xvgenation curve and the leaeration curve. A 
point of particular significanre on the sag curve 
is that of minimum dissolved ox>gen concentra- 
tion, or maximum deficit. At this location, the rate 
of change of the deficit is zero whii h results in the 
numerical equality of the opposing rates of deoxy- 
genation and reoxygenation. The balance at this 
f ritical point may be written 

K2Dr - KiL - 

where the BOD at the critical point has been re- 
placed by its equivalent at zero time (the location 
jf the waste discharge) The value of the time t, 

• may be calculated from the equation 

1 , K2r, Do{K 2 -Kr)l 

KrV~ KrU~J 

Allowable pollutlonal load. The pollutional load 
Lo that a stream may absorb is a function of the 
dissol^d oxygen deficit Df, the coefficients Ki, K,, 
and 1 ^ 2 , and the initial deficit Do. The dissolved 
oxygen deficit is usually established by water pol- 
lution standards of the health agency, and the ini- 
tial deficit is determined by upstream pollution. 
The engineering problem is usually associated with 
the assignment of representative values of the co- 
efficients Xi, Kr. and K 2 for a given flow and tem- 
perature condition. 

Seasonal temperatures influence the saturation 
of oxygen and the rates of deaeration and reaera- 
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tion. Variation in stream flow with the seasons af- 
fects the dilution factor. The most critical condi- 
tions occur during the summer when the stream 
runoff is low and the temperatures are high. 

Pollution in lakes and estuaries. In lakes self- 
purification is slower than in streams because of 
the low rates of dispersion of the waste waters. The 
turbulence characteristic of flowing rivers is not 
present, and mixing depends primarily on winds, 
waves, and currents. Waste-water outfalls are de- 
signed to take advantage of the dispersion induced 
by these factors and to prevent the development of 
concentrated sewage fields. 

In estuaries, the dispersion of waste waters is 
complicated by the tides. whl<*h carry various por- 
tions of the pollutant back and forth over manv 
cvcles, and by the difference of density in fresh 
water, waste water, and salt water The equation 
defining the oxygen balance must be modified to 
allow for the greater time that an average particle 
of pollution is detained within the estuarv; the 
flushing mechanism of such bodies is therefore of 
primary concern. See Estuarine oceanography. 

Each estuary presents problems of density cur- 
rents, configuration, and exchange that distinguish 
it from others. Field measurements of salinities, 
currents, and cross sections, in addition to the 
measurement of physical, chemical, and biological 
characteristics, are necessary to evaluate the pol- 
lution capacity of these watercourses. Dilution and 
dispersion in ocean waters is complicated b\ many 
of the same fai tors as in estuaries. The death rates 
of the coliforra bacteria are greater in sea water. 
The outfalls must be designed and located to pro- 
mote effective dispersion and to prevent the ac- 
( iimulation of sewage fields. 

Oxidation ponds and land disposal. The forces 
of natural purification are utilized in shallow 
ponds, called oxidation ponds. Successful opera- 
tion of these basins usuall> requires relatively high 
temperatuies and sunshine. Carbon dioxide is re- 
leased by means of the bacterial decomposition of 
the organic matter. Algae growth develops, con- 
suming the carbon dioxide, ammonia, and other 
waste products and releasing ox>gen under proper 
climatic conditions. Oxidation ponds are efficient 
and relatively economical. 

Instead of relying on the algae as a primary 
source of nxvgen. mechanical aeration of the pond 
contents may he employed. Lagoons aerated in this 
manner are not as susceptible to climatic condi- 
tions as the oxidation ponds. 

Land disposal of sewage is occasionally prac- 
ticed by surface or flood irrigation. The former is 
the discharge of sewage upon the ground, from 
which it evaporates and through which it perco- 
lates. However, a significant portion remains which 
must be collected in surface drainage channels. Al- 
though this method is not particularly efficient for 
domestic sewage, a modification of it, spray irriga- 
tion, has been successfully employed in the treat- 
ment of a few industrial wastes. In flood irrigation, 
all the sewage is permitted to seep through the 


ground and is usually collected in underdrains. This 
method takes advantage of the mechanical filtra- 
tion and biological purification afforded by the soil. 
Unless the sewage is treated before irrigation, 
odors and clogging usually occur and possible con- 
tamination of ground or surface water can result. 
See Sanitary engineering. rD.j.o.] 

Bibliography: C. M. Fair and J. C. Ceyer, Water 
Supply and Waste-Water Disposal^ 1954; H. W. 
Streeter and E. B. Phelps, A Study of the Pollution 
and Natural Purification of the Ohio River^ Public 
Health Bull. 146, 1925; U.S. Public Health Service, 
Oxygen Relationships in Stream, Tech. Kept 
W58-2, 1958. 

Sewage solids 

A semiliquid mass, called sludge, removed from 
the liquid flow of sewage. 

Solids troatment. This depends on the source 
of the solid and its characteristics. Solids are re 
moved as screenings, grit. primar> sludge, second- 
ary sludge, and scum. 

Screenings. Screenings are piitrescihle and offen 
sive. They are either ground and returned to the 
sewage, ground and transferred to the digestor, in- 
cinerated, or buried. The qiiantitv of screenings is 
variable and is dependent on sewage characteris- 
tics (see Sewacl). Coarse screenings will vary 
from 0.3 to 5 frVL000,000 gal. Fine screenings will 
range from 5 to 35 ft * /l,000,000 gal. (yrit collection 
has a wide variatioff. Normally the volume will be 
between 1 and 10 ft’ ^1,000.000 gal. 

Sludge. Sludge will vary in amount and charac- 
teristics with the characteristics of sewage and 
plant operations. The following refeis to a reason 
able normal for each source of sludge. Priniarv 
sludge is r^omposed of gray, viscous, identifiable 
solids, piitrescihle, odorous, 2500 gal 95 mois 
ture content per 1,000.000 gal. Trickling filter 
sludge is black, dark brown, granular or flocculent. 
partially decomposed, not highly odorous when 
fresh, 500 gal 92.5 moisture content sludge per 
1,000,000 gal. Activated sludge is dark to golden 
brown, partially decomposed, granular flocculent, 
earthy odor when fresh, 13,500 gal 98% moisture 
content per 1,000,000 gal. 

Digestion. Digestion is the anaerobic decompo^-i' 
tion of organic matter resulting in partial gasifica- 
tion, liquefaction, and mineralization. Sludges 
(except chemical sludges) from treatment proc- 
esses can be digested provided there are no sub- 
stances such as cyanides and chromium, toxic to 
organisms present in the sludge. Sludges are trans- 
ferred to separate digestion tanks except where 
Imhoff-type tanks or septic tanks are in use. 

The digestion process is a progressive decompo- 
sition of organic matter, which comprises about 
70% of the total sludge weight. Carbohydrates ai« 
attacked first and organic acids are formed. Thi*^ 
stage is known as acid fermentation. Organism** 
living in acid environment continue digestion dur* 
ing a second stage, known as acid digestion, ^ken 
organic acids and nitrogenoucj, materials are at- 




digestion period, days 


Fig. 1. Effect of temperature on time of digestion 
of seeded sludge. (From E. W. Steel, Water Supply and 
Sewerage, 3d ed., McGraw-Hill, 1953) 

tacked. During the third stage- - u period of diges- 
tion, stabilization, and gasification — proteins and 
amino acids are subject to bacterial action. Vola- 
tile acids are reduced and pH rises. The final stage 
is referred to as alkaline digestion. 'Phe principal 
gas produced during this stage is methane. See 
Amino acids; Carbohydrate; Fermentation; 
Mk thane; Protein. 

In a single tank all three stages proceed simul- 
taneousl>. Fresh solids mixed with well-digested 
materials providing balance and holding the pH 
above 7.0 offer a fairly ideal condition. Liquefied 
materials, excess liquor (or supernatant liquor), 
and digested solids are removed, making room for 
frc'.h material. After the balance has been obtained 
it is possible to continue the operation if fresh 
solids are held to less than 4% of the tank solids 
measured on a dry weight basis. 

Sludge-digestion tanks are circular or rectangu- 
lar. heated or unheated units. Most states have e.s- 
lahlished schedules of capacity requirements for 
dilFerent types of sludge on heated and unheated 
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bases. Imhoff tanks are unheated and require 
sludge capacity of 3-4 ft'* per capita. Primary 
sludges require 2-3 ft*'* heated and 4^ ft*'* per cap- 
ita unheated. Filter and primary sludge mixed runs 
from 3-5 ft'* heated and 6-10 ft*’ per capita un- 
heated. Activated sludge requires 4-6 ft*’ heated 
and 8-12 ft® per capita unheated. Heated tanks 
provide controlled temperature for thermophilic 
(110-140®F) or mesophilic digestion. Tempera- 
tures around 100*'F are optimum (Fig. 1). 

Provision is made for manipulation of the sludge, 
and the system may include preheater and heater 
equipment, recirculation pumps with sludge suc- 
tion at several levels, supernatant liquor drawoff at 
several levels, gas dome or collector, stirring mech- 
anism, sludge rakes, and drawoff. Covers may be 
fixed or floating (Fig. 2). 

Multistage digestion occurs when two digestors 
or more are placed in series, the sludge drawoff of 
the first being connected to the second and continu- 
ing. In this system flexibility in manipulating and 
mixing sludges and in controlling supernatant liq- 
uor is possiblt;. 

Supernatant liquor. This is the liquid fraction in 
a digestor. It is offensive in odor, high in solids and 
in BOD (biochemical oxygen demand). It is dis- 
charged io the incoming .sewage and treated in the 
primary sedimentation unit. It is withdrawn in 
small quantities from a level having fewer solids. 
Activated sludge with high moisture content is 
sometimes .settled in a preliminary operation be- 
fore di.scharge to digestor. The volume may be re- 
duced as much as S0% and the decant liquor is less 
objectionable than the supernatant. 

Sludge gas. Sludge-gas production under good 
operating conditions is about 12 ft ’/lb of volatiles 
destroyed. The gas is 66-70% methane and 20- 
30% carbon dioxide with minor amounts of impuri- 
ties such as hydrogen sulfide. Gas has a fuel value 
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of 600-700 Btu/ft^ and is used at the plant to op- 
erate auxiliary engines and provide heat for sludge- 
heating systems. Excess gas is burned. 

Sludge-drying beds. These are provided at 
smaller plants to handle sludge removed from di- 
gesters without further treatment. Drying beds 
should have an area of 2-3 ft^ per capita. Covered 
beds require about three-quarters of that area. 
Beds consist of up to 12 in. of coarse sand over 
12 in. of gravel packed around underdrains. Sludge 
is drawn to a depth of 9-12 in. and allowed to drain 
and dry. A well-digested granular sludge drains 
easily and reduces to a depth of 3-4 in. when dry 
(6(>-70% moisture content). Sludge is removed 
from the bed and eventually may be used as humus 
material. It has little or no odor. 

Sludge processing. Sludge processing may be re- 
quired if the sludge is to be disposed of by other 
methods. Elutriation, or washing of sludge with 
plant effluent, removes undesirable amino-animnnia 
nitrogen and reduces or eliminates the need for 
conditioning chemicals. Lime or ferric chloride 
ma> be used to prepare sludge for vacuum filtra- 
tion. Filter cake containing 70-80^ moisture is 
moie easily handled. In some plants raw sludge is 
conditioned and processed on various filters with- 
out digestion. Such sludge is offensive and is 
handled in the same manner as screenings. 

Filter rates expressed as lb/ (ft-') (hour) may 
be taken generally at 3.5 and will range from 2.5 
fiir flesh activated sludge to 8 for primary digested 
sludge. Filters are revolving drums covered with 
wiie, plastic, or cotton cloth, or flexible metal 
springlike coils. Drums revolve at 1.5-9 min per 
revolution, passing through a basin of sludge. Vac- 
uum within the drum picks up sludge against the 
media and separates water from the solids. The 
filtrate is returned to sewage flow nr to elutriators. 

Solids disposal. Sewage solids must be dis- 
posed of without nuisance or hazard to health. Bur- 
ial, incineration, and drying for use as fertilizer are 
means of final disposal. Lagooning may be used; 
in sea-coast cities sludge may be taken out to sea. 

Burial. Screenings are handled by hand in small 
plants. At one time special screening pits were pre- 
pared and the material was placed and covered un- 
til It had composted. The recovery does not justify 
the work and generally screenings are burned or 
placed in a sanitary landfill, either on the plant 
premises or as a part of municipal refuse disposal. 

Incineration. Incineration of sludge has devel- 
oped as a means of disposal in larger plants. In- 
cineration introduces problems of air pollqtion 
(see Air pollution control). Incineration of 
sludge requires auxiliary heat because the mois- 
ture content is high. Gas or oil or digestor gas may 
be used as fuel. Incinerators used to burn sludge 
are generally multiple hearth. Sludge is fed to the 
top hearth and as it dries it is dropped down to the 
next hearth by agitator arms. Water is driven off 
and volatile gases are released by the heat. The 
gases are ignited by the furnace temperature. To 
avoid excessive odors, the temperature should be 
maintained at 120(1-14()0^F. Ash residue is inert 


and may be used for fill or cover on sanitary land- 
fill. Since the volume of treatment-plant sludge is 
small, plant incinerators are not operated daily. 
Auxiliary fuel is required to preheat the combus- 
tion chamber. If there is no digestor gas fuel avail- 
able, the costs of sludge incineration can be exces- 
sive. Sludge cake can be mixed with refuse and 
burned in municipal incinerators, if the two facili- 
ties are adjoining. 

Drying. Drying of sludge is substituted for in- 
cineration in some plants. The dried sludge can be 
used for fertilizer by enriching it with chemicals, 
particularly potash, which is lacking in most di- 
gested sludges. In this process w)|ter is driven off 
without burning the material. Sludges from drying 
beds may be stockpiled. After a year or so these 
sludges are earthlike and may be used as a soil con- 
ditioner or as a soil builder when preparing new 
land areas over sanitary landfill and on sand. 
Sludges from beds and filter cake may be put into 
sanitary landfill. The fill is compact but burnable. 

Flash driers operate by mixing a portion of dried 
sludge with the incoming wet sludge cake. A high- 
velocity, high-temperature gas stream evaporates 
the water. The dried material is then passed 
through a cyclone sepaiator and is carried to stor- 
age, which may be at a fertilizer plant. Municipali- 
ties having refuse incinerators at the sewage treat- 
ment site provide a ready source of heat that can 
be used for sludge drving. 

Spray driers have some usefulness in handling 
liquid sludges. The sludge suspension is ejected 
under high pressure into a heated chamber. The 
sudden pressure release atomizes the suspension 
and water is quickly driven off as the material falls 
to the bottom. The material is removed by a separa- 
tor. Heat requirements are high and the method 
has the limitations of fuel cost if no source of 
waste heat is available. 

Land disposal. Disposal on land has limited ap- 
plication. There are a few locations where sludge 
may be taken to fields and plowed under. Occa- 
sionally liquid xludge may be applied to gardens 
and lawns around a treatment plant. The practice 
of land disposal has certain public-health dangers 
and must be closely supervised. [w.t.l] 

Bibliography: ASCE-FSIWA Joint Committee. 
Sewage Treatment Plant Design^ 1959; H. E. Bab- 
bitt and E. R. Baumann, Sewerage and Sewage 
TreatmerU, 8th ed., 1958; G. M. Fair and .1. C 
Geyer, Elements of Water Supply and Waste-Wa- 
ter Disposal^ 1958; E. W. Steel, Water Supply and 
Sewerage^ 3d ed., 1953. 

Sewage treatment 

Any process to which sewage is subjected in order 
to remove or alter its objectionable constituent^ 
and thus render it less offensive or dangerous. 
These processes may be classified as preliminary, 
primary, secondary, or complete, depending on the 
degree of treatment accomplished. Preliminary 
treatment may be the conditioning of industrial 
waste prior to discharge to remove or to neutralise 
substances injurious to sewers and treatment pr^- 



esses, or it may be unit operations which prepare 
the water for major treatment. Primary treatment 

the first and sometimes the only treatment of 
sewage. It is the removal of floating solids and 
coarse and fine suspended solids. Secondary treat- 
ment utilizes biological methods of treatment, that 
IS, oxidation processes following primary treat- 
ment by sedimentation. Complete treatment re- 
moves a high percentage of suspended, colloidal, 
and organic matter. 

Septic tanks and Imhoff tanks are considered sec- 
ondary treatment methods because sedimentation 
IS combined with biological digestion of the sludge. 
See Imho»f tank; Septic tank. 

Coarse solids removal. This is accomplished 
by means of racks, screens, grit chambers, and 
skimming tanks. Hacks are fixed screens comprised 
of parallel bars placed in the waterway to catch 
debris. The bars are usually spaced 1 in. or more 
apart. Screens are devices with openings usually 
of uniform size 1 in. or less placed in the line of 
flow Screens may be fixed or movable and vary in 
(onstruction as bar screens, band screens, or cage 
sc reens. Sin h s( reens are hand cleaned or mechan- 
ic ally cleaned (Fig. 1). Grit chambers remove in- 
organic solids but may also trap heavier particles 
of organic nature siuh as seeds (Fig 2). Grit 
c hambers are designed so that the flow in the cham 
her IS at I ft ^sec or more At less than that velocity, 
organic material also settles. Removal of grit is 
clone either by hand or mechanic allv Devices are 
idded to mechanically cleaned units which wash 
most of the organic material out of the grit Skim- 
ming chambers arc devic'es for lemoving floating 
solids and grease. Air has been used to coagulate 
greases which then float and are skimmed off me- 
( hanic ally or by hand. 

Fine solids removal. This is accomplished by 
scieens with very small openings Via or V \2 in. 
ividc, by sedimentation, or by both. 

Fine screens are set in the line of flow and 
aie operated mechanically. Band screens, drum 



^^0* 1. AAechcmlcolly cleaned bar screen. (From H, £. 

and E. fl. Baumann, Seweroge and Sewoge 
^^Mmont, Bfh ad., Wilay, 1958) 
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Fig. 2. Diagram of a grit chamber. (From Bull. SB 
Eng. Extension Dept. Iowa State College, 1953) 



pany) 

screens, plate sc reens, and vibratory screens are in 
lisp and the finer particles of floating solids are re- 
moved as well as coarse solids passing a rack. In 
some treatment plants scieenings are passed 
through d giindcr and retuined to the flow so that 
they will settle out in the sedimentation tank. An- 
other device, the c omminiitor, barminutor, or 
griductor, has high-speed rotating edges working 
in the flow of sewage (Fig. 3). These blades cut, 
chop and shied the solids, which then pass on to 
the sc'dimentation unit 

Sedimentation. Sedimentation has one objective, 
the removal of settleable solids. Some floating ma- 
terials aie also removed by skimming devices, 
called clarifiers, built into sedimentation units. The 
basins are either circular or rectangular. In the 
circular unit sewage flows in at the center and out 
over weirs along the circumference (Fig. 4). In 
the lectangular tanks sewage flows into one end 
and out the other (Fig. 5) . 

The efficiency of a settling basin is dependent on 
a number of factors other than particle size, spe- 
cific gravity, and settling velocity. Concentration 
of suspended matter, temperature, retention pe- 
riod, depth and shape of basin, baffling, total length 
of flow, wind, and biological effects all have an 
effect on solids removal. Density currents and 
short-circuiting may negate theoretical detention 
computations. Improper baffling may have the ef- 
fect of reducing the effective surface area and cre- 
ating dead or nonflow areas within the tank. In 
general a settling tank of good design with surface 
settling rates of 1000 gal/(ft*) (day) and a 2-hour 
detention period will remove 50-fi0% of the sus- 
pended solids and at the same time remove 30-35% 
of the biochemical oxygen demand (Fig. 6). 

The settling velocity of a particle is a function of 
specific gravity of the particle, specific gravity of 
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Fig. 4. Typical circular clarifier. (From H, F. Babbitt 
and £. R, Baumann, Sewerage and Sewage Treatment, 
Bth ed., Wiley, 1958) 


motor and reducer 
baffle 


ad|ustable 



sludge 

sump j 'sludge hopper 
sludge pipe 

F\g. IS Vi^mcaV tec^ongvilar clari- 

ty*' (From E W StmmI, Wafer Sitpply and Seweroge, 
3d 9d,, McGraw-Hrff, 1953) 


more frequently in secondary settling of effluents 
from activated sludge units. Such suspensions may 
be removed by passing the inflowing water upward 
through a blanket of the material (Fig. 7). Theo- 
retically there is a mechanical sweeping action in 
which smaller particles are attached to larger par- 
ticles which then have sufficient weight to settle. 
Another type of treatment for such material is pro- 
vided by an inner chamber equipped with baffles 
which rotate and stir the liquor and aid the forma- 
tion of larger and heavier floe (Fig. 8). The same 
purpose is also achieved by agitation with air. 
Some of the settled sludge is raised by airlift and 
mixed in with the materiaU thus forming a mixture 
with improved settling characteristics. 

Sedimentation basin design. Practical considera- 
tions and engineering judgment must be applied in 
designing sedimentation basins. Depth is usually 
held at 10 ft sidewall depth or less. The surface 
area requirement is usually 600 gal/ (ft*) (day) for 
primary treatment alone and 800-1000 for all other 
tanks. The detention period is normally 2 hours 
These three parameters of design must be adjusted 
since each is dependent on the other for a given 
design flow (average daily flow at a plant). When 
mechanical sludge-removal equipment is used, the 
tank dimensions are usually sized to a conventional * 
equipment specification. Rectangular tanks are 
built in units with common wails between units and 
unit width up to 25 ft. The length-width ratio, fre- 
quently determinecT by economical design dimen- 
sion, should not be greater than 5:1. The minimum 
length should be 10 ft. Final sizing may be fitted to 
convenient equipment dimensions. 

Sludge removal on a regular schedule is manda- 
tory in separate sedimentation tanks. If sludge is 
not removed, gasification occurs and large blocks 
of sludge begin to appear on the surface. These 
must then be removed by scum-removal mechanism 
or broken up so that they will settle. In circular 
tanks radial blades move the sludge to a center 
sludge hopper. In rectangular tanks the hopper is 


water, viscosity of liquid, and particle diamete: 
Ruling rates of parUrles larger than 0.1 mm ar 
detained empiricaUy. Sizes less than 0.1 mn 
Mtt/e in acco^ance with Stokw* Jaw. Theoretical], 
If the forward motion of the water is leas than the 
^cal settling rate of the particle, a particle at 
^ surface will settle some distance below the sur- 
flM ta a gim time interval After that time intw- 
yaJ ^ siirfaee larer of water could be removed 
and It would contain no solids. The term surface 
settling rate is introduced as a practical measure 
of the rate of flow through the basin, if the rate of 
** surface area time*- the 
" the smallest particle to be removed. 
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Wtiie or no settling 
raw -sewage but occur 



settling rate-gallons per day per square foot of tank area 



period of holding-hours lines A and B 


Fig. 6. Probable performance of ledlmentatlon ba- 
sins. (From H, E, Babbitt and E, R, Baumann, Sewerage 
and Sewage Treatment, Bth ed., Wiley, 1958) 
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type of settling tank 

Fig 7. Diagram of a vertical-flow sedimentation 
tank. (From H. E. Babbitt and E. R. Baumann, Sewerage 
and Sewage Treatment, 8th ed , Wiley, 7958) 
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Fig 8 The Dorr clariflocculotor (From E W Steel, 
Water Supply and Sewerage, 3d ed„ McGraw-Hill, 
J953) 


inr cited at the inlet end and blades on a traveling 
(hdin move sludge in leverse of sewage flow The 
lujvier solids settle at the inlet and have a short 
tidvel path These same blades may rise to the cur- 
iae e and move scum with the sewage flow to the 
outlet end where it is held by a baflUe and removed 
bv suijie form of sium rtmota) device. ^dvdge^Th 
movdf met Aanisitis are often operated intermit 
Untly b} time-clock relay mechanisms 
appurtenances in the form of skimmeis, scrap- 
and other mechanical devices are many. Manu- 
lu till CIS have variants to offer and competition lb 
Kotn Manufacturers* literature should be studied 
‘«irefullv and specifications should be carefully 
written to procure equipment meeting the require- 
ments of engineering design 
Intention periods are theoretical. The actual 
flowthrough time is influenced by the inlet and out- 
construction. On circular tanks inlets are sub- 
Water rises inside a baflie extending down- 
Wdid to still the currents. Rectangular tank inlets 
l)t submerged, or more commonly, sewage is 
^ trough which has a weir extending the 
^ank. The flow then moves forward 
' ‘ » h ss short-circuiting. The outlet device on c ir- 
Links IS nearly always a circumferential 
<td lusted to level after installation The weir 
'' ^burp-edged and level or piovided with a 
lank **^*''*^^ v-nol(heh. On rectangular 

df»v provide enough weir length, a 

'* ' known as a launder is used. A launder is a 
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series of fingerlike shallow conduits set to water 
level and receiving flow from both sides of the con- 
duit. Each of the fingers is connected to a common 
exit trough. The normal weir loading should not 
exceed 10,000 gal/linear ft of weir per day in small 
plants, or 15,000 in units handling more than 
1,000,000 gal per day ( 1.0 mgd ) . 

Chemical precipitation. Many attempts have 
been made to utilize chemical coagulants in the 
flocculation of sewage The process, if used, is sim- 
ilar to that used in water treatment (see Water 
trfatmint). The cost of chemicals and the some- 
what intermediate treatment obtained with chemi- 
cals have kept this process out of general use. Its 
principal use today is in the preparation of sludge 
for filtration. Various steps in chemical precipita- 
tion are shown in Fig 9 Alum, ferric sulfate, fer- 
ric chloride, and lime are used to form ar insoluble 
precipitate which adsorbs colloidal and suspended 
solids. The entire floe settles and is removed as 
sludge Sixty- four patents for proprietary chemical 
treatment processes were granted in the United 
States from 187.1 to 19.15 The Guggenheim process 
employs ferric chloride and aeration. The Scott- 
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Fig 9. Flow-through diagram of o chomicol troot- 
moot plant. (From H E. BabbiH and E. R. Baumann, 
Seworogo and Sewage Treafment, Bth ed., Wiley, 
1958) 
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Darcy process employs ferric chloride made by 
treating scrap iron with chlorine solution. 

OteMation proctssas. These are secondary treat- 
ment processes, although a few activated-sludge 
plants have been built without primary sedimenta- 
tion. Oxidation process methods are (1) filtration 
by intermittent sand filters, contact filters, and 
trickling filters; (2) aeration by the activated- 
sludge process or by contact aerators; (3) oxida- 
tion ponds. There are three basic oxidation meth- 
ods, all depending on biological growth. Each pro- 
vides a method of bringing organic matter in 
suspension or solution in sewage into immediate 
contact with a population of microorganisms living 
under aerobic conditions. The processes are called 
filtration, activated sludge, and contact aeration. 

Filtration. Intermittent sand filters are sand beds 
provided with underdrains. Sewage is dosed inter- 
mittentlv bv siphon or by pump, at rates from 20,- 
000 gal per acre per day (gad) to a maximum of 
125,000 gad when operated as a secondary treat- 
ment process. Rates may go to 500.000 gal per 
acre per day (0.5 mgad) when operated as a terti- 
ary process. Beds are usually 2%-3 ft deep and are 
constructed with 6-12 in. of gravel at the bottom. 
The sand is sized to a uniformity coefficient of 5.0 
or less (3 5 preferred) with effective sire of 
0.2 0.5 mm. The uniformity coefficient is the ratio 
between the sieve size that will pass 60% and the 
effective size. The effective size is the sieve size in 
millimeters that permits 10% of the sand by weight 
to pass A mat of solids is formed in the surface 
layer of sand and must be removed periodically. 
The dry surface mat can be scraped clean, but pe 
riodicallv the top 6 in. or so of mat must be re- 
moved and replaced. Plants with sand filters oper- 
ate at better than 95% removal of biochemical 
oxygen demand (BOD). 

Trickling filters are beds of media, usually rock, 
over which settled sewage is sprayed. Microorgan- 
isms form a slime layer on the media surface and 
the water passes down over the surface in a thin 
film. Nutrients from the sewage are adsorbed in 
the slime layer and absorbed as food by organisms. 
Filters are ventilated through the underdrainage 
system or by other means, and thus oxygen, sewage, 
and organisms are brought together. Plants with 
trickling filtration have been operated at 90-95% 
efficiency of BOD removal. 

Filter media include various materials such as 
stone, crushed rock, ceramic shapes, slag, and 
plastics. Stone and crushed rock which do not 
fragment, flour, or soften on exposure to sewage 
are preferred media. Rock sizes range from 1 to 6 
in.; however, current practice employs sizes be- 
tween 2- and 4-in. nominal diameter. Plastic cor- 
rugated sheets have been employed on very deep 
filters. Pretreatment of sewage is normally re- 
quired. When the waste contains a concentration 
of dissolved solids, as with milk waste, without any 
great concentration of settleable solids, the waste 
may be applied directly to the filter. Some advan- 
tage is gained by preaeration so that the waste ap- 
plied to the filter has some dissolved oxygen. 


Filters are classified as standard or low-rate fib 
ters, high-rate filters, and controlled filters. The 
filter introduced in the United States early in the 
twentieth century was a bed of stone 6-8 ft deep 
with a distribution system of fixed nozzles. This 
type of filter is called a standard or low-rate filter. 
The allowable organic loading is about one-third 
that of a high-rate filter having 3- to 6-ft depth 
introduced during the decade 1930-1940 and de- 
veloped with many variations of recirculation and 
application of sewage since that time. In 1956 
controlled filtration on sectionalized units com- 
prising a deep filter was introduced. The loading 
rate with no rer irculation on such filters Is 10-12 
times that of low-rate filters. 

Low-rate filters are dosed at a rate of 1-4 mgad 
by siphon through nozzles so spaced that water 
reaches every part of the filter surface during a 
dosing cycle. The application of water by this 
method is intermittent. The rotary distributor 
(Fig. 10) may also be operated by siphon. This 
type of distributor has two or four radial arms sup- 
ported on a center pedestal. Hydraulic force of 
water passing through the norrles fixed to the arm 
causes the arm to rotate The distributor may be 
operated in continuous rotation by feeding from a 
weir box. In either case the filter is sprayed as the 
arm passes over a given section and the dosing is 
intermittent with a short time interval between 
doses. With the fix^-no/zle method the interval 
may be 5 min, but *with the rotary distributor the 
dosing interval may be no more than 15 sec. 

High-rate filters depend on recirculation. The 
hydraulic loading rate is about 20 mgad with a 
range of 9-44 mgd. Rotary distributors are used 
Pumps pick up settled effluent and return it Filters 
are often set up as primary and secondary filters 
with recirculation of water to each. Several alter- 
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Fig. 10. Plan and socflont of *a circular trkkllnB 
filtar. (Courtesy Lfnilr-Beff Company) 




Fig 11. Flow diagram of a single-stage high-rate 
trickling filter plant. (From Am. Soc. Civil Engrs*, 
Sewage Treatment Plant Design, Manual of Practice 
36, 1959) 

secondary or 



Fig 12. Flow diagram of a two-stage high-rate 
trickling filter plant. (Am Soc. Civil Engrs., Sewage 
Tieatment Plant Design, Manual of Practice 36, 1959) 


native flow arrangement*^ are demon«.trated in Fig*^. 
11 and 12 Rerirnilation ratios range from 1:1 to 
ahoui 5,1. Final sedimentation is required for 
holh low- and high-iate fillerb as filter slime and 
organn debus aie washr^d free 

ivratton Aeration is areomplished in tanks in 
whiili eompressed air is diffused in liquid by vari- 
ous devil es* filtei plates, filter tubes, ejeetors, and 
jets, or in which air is mixed with liquid bv me- 
fhanical agitation. The high degree of treatment 
fiossihle with eonventional aetivated sludge, 95 
98'r BOD lemoval, has made it a popular method 
of treatment. Sewage organisms seeded in sludge 
which hab passed through treatment are returned 
to incoming sewage and mixed thoroughly with the 
liquor. In this way the hiota, oxygen supply, and 
sewage are brought together. Contact aeiation uti- 
lizes air diSiision to keep a biota suspension thor- 
oughly mixed; however, the biota are also main- 
tainc'd in active growth on plates of impervious 
material such as cement asbestos suspended in the 
mixed liquor of the aeration tank. Slime growth 
forms on the plates and liquid passing by the plates 
fuinishes the plate biota with a source of nutrients 

Activated-sludge process, the conventional prop#* 
ess. requires an aeration period of 4-8 hours. Much 
of the oxidation takes place in the first 3 hours of 
detention. Aeration tanks are usually long, narrow, 
rectangular tanks with porous plates or diffusers 
along the length to keep the liquor well agitated 
throughout (Fig. 13). Widths are 15-30 ft and 
depths about 15 ft Length-width ratio is about 5:1. 

Air requirements are 0.2-1.5 ft’ air/gal of sew- 
age treated. It is necessary to maintain dissolved 
oxygen (DO) levels at 2 ppm or higher. 

Mechanical aeration is done in square or rec- 
tangular aeration tanks, depending on the mecha- 
nism. In the Simplex method liquor is drawn by 
impeller up a draft tube and expelled over the 
tank surface (Fig. 14). In the Link-Belt unit, 
brushes introduce a spiral motion with consider- 
able agitation. The period of aeration may be up to 
8 hours with this method (Fig. 15). Modifications 
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of the aeration process include modified aeration, 
step aeration, tapered aeration, stage aeration, bio- 
sorption, bioactivation, dual aeration, and others. 

Recirculation of sludge is one of the essentials 
of the process. About 25-35% of the sludge settled 
in the final sedimentation tank is returned to the 
aeration tank (Fig. 16). Concentration of solids in 
mixed liquor may be about 3000 mg/liter in dif- 
fused air units and a little leas in mechanical aera- 
tion units. The ratio of sludge volume settled to 
suspended solids is known as the Mohimann index. 

Mohimann volume of sludge settled in 3 0 min, % 

index suspended solids, % 

A good settling sludge has an index below 100. 
Sludge age, another important factor, is the aver- 
age time that a particle of suspended solids re- 
mains under aeration and is the ratio of the dry 
weight of sludge in the tank in pounds to the sus- 
pended solids load in pounds per day. 

Contact aerators provide an aeration period of 
5 or more hours. Aeration is usually preceded by 
preaeration of the raw sewage before primary set- 
tling. The preaeration lasts 1 hour. Loadings are 
based on two factors: pounds per day per 1000 ft**' 
of contact surface (6.0 or less), and pounds per 
dav per 1000 ft-^ per hour of aeration (1 2 or less) 
Air supply of 15 ftygal of flow is required. The 
process has an over-all plant efficiency of about 
90% BOD removal 



Fig. 1 3. Cross section of a spiral-flow activated-sludge 
tank with cylindrical diffusers. (From £. W. Steel, 
Water Supply and Sewerage, 3d ed., McGraw-Hill, 
1953) 



Fig. 14. Simplex oerator. (From E. W. Steel, Water 
Supply and Sewerage, 3d ed., MeGrawd^lL 1933) 
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of tank 


Fig. 15. Cross section of a Link-Bait mechanical 
aerator (From E. W. Steel, Wafer Supply and Sewer- 
age, 3d ed,, McGraw-Hill, 1953) 
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Fig 16 Flow diagrams of activated sludge plants 
(From E W. Steel, Water Supply and Sewerage, 3d 
ed., McGraw-Hill, 1953) 


Chlorination. Chlorination of treated sewage has 
one major purpose: to reduce the coliform group 
of organisms. Sufficient chlorine to satisfy demand 
and provide a residual of 2.0 mg/liter should be 
added. The following magnitude of dosage is pos- 
sible: primary effluent, 20 mg/liter; trickling filter 
plant effluent, 15 mg/liter; activated sludge plant 
effluent, 8 mg/liter; sand filter effluent, 6 mg/liter. 
The contact period should be at least 15 min at 
peak hourly flow. 

Oxidation ponds. These are ponds 2~4 ft in depth 
designed to allow the growth of algae under suit- 
able conditions in sewage media. Oxygen is ab- 
sorbed from the air, but the conversion of CO 2 to 
O 2 by Chlorella pyrenoidosa and other algae pro- 
vides an additional source of oxygen of great value 
Oxidation ponds should be preceded by primary 
treatment. A loading figure of 50 lb BOD/acre 
is recommended. BOD removal efficiency may 
range from 40 to 70%. [w.i.i.] 

Bibliography: ASCE-FSIWA Joint Committee, 
Sewage Treatment Plant Design, Am. Soc. Civil 
Engrs. Manual of Practice 36, 1959; H. E. Babbitt 
and E. R. Baumann, Sewerage and Seiaage Treat- 


ment, 8th ed., 1958; C. M. Fair and J. C. Geyer, 
Water Supply and Waste-Water Disposal, 1954 

Sewing machine 

A mechanism that stitches cloth, leather, pages of 
books, and other material that is to be joined by 
means of a double-pointed needle or an eye-pointed 
needle. In ordinary two-threaded machines, a lock 
stitch is formed (Fig. 1). An eye- pointed recipro- 
cating needle carries an upper thread through the 
layers of fabric, forming a loop beneath the mate- 
rial. A shuttle carrying a bobbin of under thread 
passes through the loop. Alternatively, a rotary 
hook takes the loop of upper thrie^d and passes it 
around the bobbin of under thread The needle with 
draws, and a thread take-up lever pulls the stitch 



Fig. 1. Lock stitch, upper or needle thread is black, 
under or bobbin thread is white 



Fig 2 Modern domestic sewing machine has positive 
gear drive throughout for slip-free operation {Singer 
Mfg Co) 



> 

Fig. 3. Corns control needle arm io produce vorious 
stitch potterns (1-5). 
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ti^ht. The machine carries out these necessary mo- 
rjon«« and also feeds the material past the needle 
intermittently between each pass of the needle 
(Fig. 2). A presser foot held against the material 
with a yielding spring adjusts itself automatically 
to variations in thickness of material and allows 
the operator to turn the material as it feeds 
through the machine. A cluster of cams, any one 
of which can be selected to guide the needle arm, 
makes possible a variety of stitch patterns (Fig. 
3). lF.n.R.J 

Sex determination 

The genetic constitution of the organism is the 
basic determinant of sex in nearly all forms of life. 

Definition of sexuality. The essential feature of 
sexiialitv is the capacity for forming haploid gam- 
etes (each containing only one chromosome of a 
kind) which later unite in the process of syngamy 
or fertilization, resulting in a zygote with the dip- 
loid chromosome number. Haploid gametes may 
appear similar morphologically or they may differ 
in sire and shape Sexual reproduction in a simple 
form takes place in the pond scum, Spiro f^yra 
(Fig 1) Cells in adjacent filaments of this green 
alga first become connected by conjugation tubes 
The contents of a single cell, including a nucleus 
with eac h c hromosome represented once, comprise 
a gamete here Since both conjugating cells are of 
the same size and shape, they are called isoga- 



Fig. 3. (a) A dioecious plant, Rumex hastatulus, with 
stamens (mole organs) and pistil (female organs) on 
separate plants (photograph from B. W. Smith); (b) a 
monoecious plant, Ornithogalum tempskyanum, with 
both stamens and pistil in the same flower structure 


(from L F Randolph and J. Mitra, J Heredity, 48(5). 
213-‘216, 1957) 



iioaamata ^haoloid) coniuaotion tuba 



i syngamy. _ I zygospore (diploid) 


Fig 1 Spirogyra, to illustrate the simplest form of 
sexual reproduction, the union of isogametes. (From 
F W. Emerson, Basic Botany, 2d ed., McGraw-Hill, 
1954) 



^’9 2. The boyine epg and sperm. (By C. C. Hartman 
®nd W. H. Lewis from R. C Cook, A one-ce/ftd cow. 
Heredity, 23(S)i1 98^199, 1932) 


normal female ovariectomized female 

Fig 4. Normal and ovariectomized hens. (After 
Finlay, Brit. J ExptI Biol, 2.439, 1925) 

metes. Syngamy results when the cellulai material 
of one conjugating cell passes through the con- 
jugation tube to fuse with the cellular material of 
the other isogamete. Union of the two haploid nu- 
clei of the isogametes produces a diploid zygospore 
which, upon undergoing the two meiotic divisions, 
germinates to form new filaments composed of 
haploid cells. Sexual differentiation occurs in 
higher organisms with larger female gametes or 
eggs that unite with smaller male gametes or sper- 
matozoa (Fig. 2). 

Sexual bipotentiality. All plants and animals 
exhibit a fundamental sexual bipotentiality. That 
is, both the male and female sex determiners are 
pra 3 ent in each sex. This is seen in monoecious 
plants, where a single individual produces both 
male and female gametes (Fig. 36). Most familiar 
seed plants, such as the lily, garden pea, and corn, 
are monoecious in that they produce both male or- 
gans, called stamens and anthers, and female 
organs, known as carpels, enclosing ovaries. These 
occur on one individual plant, and often within the 
same flower structure. The date palm, willow, pop- 
lar, and papaya, on the other hand, are dioecious, 
bearing male flowers and female flowers on sepa- 
rate plants. Although the sexes are distinct indi- 
viduals in most animals, there are several large 




groups of hermaphroditic animals, in which a sin- 
gle individual produces both egg and sperm. These 
groups include most flatworms, the earthworm, 
leeches, the garden snail, the oyster, and a few spe- 
cies of fish. However, because of protandry, or the 
temporal spacing of the production of male versus 
female gametes, many hermaphroditic animals and 
monoecious plants are not self-fertilizing. 

In animals and plants where the sexes are sepa- 
rate individuals, this sexual bipotentiality shows 
itself in abnormal cases of partial sex reversal. A 
Brown Leghorn hen, with the functional left ovary 
removed, develops malelike plumage and charac- 
teristic male tail feathers (Fig. 4). Both male and 
female sex hormones are present in each sex in 
vertebrates, and it is a matter of the quantity of 
the various kinds of sex hormones present which 
directs the course of sexual differentiation. The 
original capacity for producing the several sex hor- 
mones depends on the genetic constitution of the 
sex in healthy individuals. See Androgen; Estro- 
gen. 


MECHANICS OF SEX DETERMINATION 

Sex determination has a genetic basis, just as do 
other morphological and physiological characters 
of an organism. A special pair of chromosomes 
often differing in size and shape characterizes the 
two sexes in some plants and in many animals. Sex 
determination may depend upon a pair of alleles 
located in the sex chromosomes in some organisms 
or upon a balance between the male and female 
tendency genes located not only in the sex chromo- 
somes but also in one or more other chromosome 
pairs (autosomes) — the genic balance concept. 
These mechanisms are discussed in the following 
paragraphs. See Gene; Gene action. 

Homogametic and heterogametic sex. In some 
species the special paired sex chromosomes are of 
unequal size in one sex (heterogametic sex) and 
the same size in the other sex (homogametic sex). 

Heterogametic male^ homogametic female. The 
members of the pair of sex chromosomes are of 
unequal sizes in men, whereas they are the same 
size in women (Fig. 5). The two sex chromosomes 
in women are called X chromosomes. A man pos- 
sesses an X chromosome and a smaller, Y chromo- 
some. These unequal chromosomes are homolo- 
gous (have similar genes) for only a small part of 
their length. However, this homology makes them 
partners at the two divisions of meiosis preceding 
gamete formation. Since half the sperm of a man 
contains an X and the other half a Y chromosome, 
the male in this species is the heterogametic sex. 
All of the ova of a woman contain an X chromo- 
some, so the female human belongs to the homo- 
gametic sex. Union of an X-bearing sperm with an 
X-bearing egg results in a female offspring. Union 
of a Y-bearing sperm with an X-bearing egg pro- 
duces a male offspring. Sex determination in man 
thus occurs at the time of fusion of gametes, that 
is, at syngamy. See Chromosome; Syngamy. 

The XY male and XX female type of sex deter- 
mination has also been found in (1) such animals 


MOTHER'S EGGS all carry a large sex chromosome— 
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Fig. 5. Sex determination in man. (From A. Schetn- 
feld. Human Heredity Handbook, Lippincoft, 1956) 


as the cat, ^heep, hamster, rat, field mouse, mole, 
ferret, and several marsupials; (2) such insects as 
Neuroptcra (ant lions, lace wing flies), some Het- 
eroptera (true bugs), some Dermaptera (earwigs), 
some Coleoptera (beetles), and nearly all Droso- 
phila (fruit flies) (Fig. 6); (3) over 50 species 
of dioecious planttT including Elodea .gigantea, 
Rumex aretosa^ Melandrium album (a pink) 
(Fig. 7), Humulus lupulus (a hop), Gingko biloba 
(the maidenhair tree), Populus balsamifera (a 
poplar), and Salix andersoniana (a willow). 

A variation of the general male heterogamety, 
female homogamety type of sex determination oc- 
curs in some of the Orthoptera (certain grasshop- 
pers and certain mantids) and some of the Heter- 
optera. The males of some of these species have 
one X chromosome but lack a Y chromosome 
(XO), the female possessing two X chromosomes 
(XX). The diploid chromosome number in these 
forms is one less in the male than in the female. 

Heterogametic female^ homogametic male. The 
members of the pair of sex chromosomes are of 
unequal size in the female whereas they are of 
equal size in the male. Female heterogamety char- 
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Fig. 6. Sex chromosomes In mole and femole Dre 
sophila stonei; metaphase stage from larval brain cell* 

^ ' Fig. 7. Sex chromosomes of mole Melon- 
y l\ drium album; the anaphase stage, (hfter 
Belar, in E. W. Sinnotf, L C. Dunn, and T. 
\ I Debxhansky, Principles of Geneties^ dth 

' ^ (9 ed., McGraw-Hill, IPfiO) 





arterizes the members of two diverse animal 
groups: the Lepidoptera (butterflies and moths), 
and the birds. Here the female produces half 
X-bearing eggs, half Y-bearing eggs. To this group 
albo belong the blood fluke. Schistosoma douthitti, 
and among plants the strawberry, Fragaria elatiar. 

Sex chromosomes morphologically similar. Al- 
though a search has been made, no special sex 
chromosomes are found in any of the hermaphro- 
ditic groups of animals nor have they been verified 
in the many plants that are habitually monoecious. 
However, not all separate-sexed species of plants 
and animals show X and Y chromosomes differing 
from one another in size or shape. Among verte- 
brate animals, only birds and mammals possess sex 
chromosomes that are morphologically distinct 
from the other chromosomes (autosomes). 
0. Winge found in the guppy, Lebistes reticulatus. 
that maleness is dependent upon perhaps a single 
gene in the Y chromosome; femaleness being its 
allele in the X chromosome. Morphologically the 
X and Y are similar and homologous for a great 
part of their length since crossing over, or ex- 
change, occurs between them. The result is the oc- 
casional transfer of sex-linked mutants controlling 
the brilliant body pigmentation from the Y chro- 
mosome, where they are inherited from father to 
son, to the X chromosome. A stock of Lebistes was 
found in which a pair of genes not on the X or Y 
chromosomes came to assume control of sex de- 
termination. In the new stock, the female was the 
hctcrogametic sex and the male the homogametic 
sex. Unlike sex alleles result in a female; like sex 
alleles, in a male. M. Cordon found that female 
heterogamety is the rule for domesticated aq' nr- 
iurn stocks of the platyfish, Xiphophorus (Platy- 
poerilus) marulatus, but certain wild stocks of 
this species from Mexico show male heterogamety. 

The mosquito, Culex molest as^ also shows a sim- 
t»ie type of sex determination ; the male is hetero- 
zygous for a single dominant gene, the female is 
homozygous for its recessive allele, and no differ- 
ences in the chromosomes of the two sexes are ap- 
parent. Conversely, the axolotl, Ambystoma mexi- 
ranum, has an XY female and XX male, though 
the X and Y cannot be distinguished cytologically. 
In spinach, Spinacea oleracea^ the male plant proi» 
duces X- and Y-bearing microspores in equal num- 
bers. Tlie female plant produces X-bearing mega- 
spores only. Although the sex chromosomes do not 
differ in size and shape, they do divide ahead of the 
other chromosomes (autosomes), a common char- 
acteristic of sex chromosomes at meiosis. 

Genic balance conce|il. A simple XX-XY dis- 
tinction between the sexes docs not account for all 
the genetic facts known about sex determination. 

In Lymantria dispar^ the gypsy moth, with fe- 
niale heterogamety, the X chromosome bears the 
*nale determiner or determiners either as a single 
allele or a group of closely linked genes. The ge- 
netic basis for femaleness is carried in the Y chro- 
mosome. There are a number of European and 
lapanese races of the gypsy moth differing in the 
strength or ootenev of the male and female deter- 



Fig. 8. A gynondromorph in Drosophila melanogastor 
caused by loss of one of two X chromosomes (on the 
right side) in an early embryo; the recessive sex- 
linked mutant's white eye and singed bristles* are 
carried by the single X chromosome present in all 
cells on the right side. (From J. T. Patterson, Journal 
of Experimental Zoology) 

miners. When a ‘^strong” Japanese male, X^Xr, is 
crossed with a “weak” European female, XwYw, all 
the female offspring, XsYw, are intersexual, show- 
ing mixtures of male and female primary and sec- 
ondary sexual characters. The reciprocal cross of 
strong female with weak male gives noimal-sexed 
offspring which, if inbred, produce half their male 
offspring intersexual in the next generation. R. B. 
Goldschmidt*6 finding of these intersexual forms 
in Lymantria led to his formulation of the genic 
balance theory of sex determination: (1) each sex 
possesses both male and female potentialities; and 
(2) sex is determined by a quantitative relation 
between male- and female-determining genes in an 
individual. Within the European weak races of the 
gypsy moth, the action of the male-determining 
gene in one X chromosome is weaker than the ac- 
tion '>f the female-determining gene in the weak Y 
so that XwYw results in a female. The action of two 
doses of male-determining genes in XwXw out- 
weighs the female-determining material in the cy- 
toplasm initiated by the action of the Yw female 
gene in the egg before meiosis, with the result that 
XwXw Ib a male. Similarly, in the strong races, 
XbYr gives a female and XhXs gives a male. How- 
ever, in the female hybrid between a strong male 
and a weak female, XsYw, the male-determining 
potency of the strong X outweighs the female-de- 
termining potency of the weak Y, and the result is 
intersexuality. The sex genes in the X and Y 
chromosomes of different races of Lymantria be- 
have as series of multiple alleles of different po- 
tencies. 

The genic balance theory has also been shown 
to apply to sex determination in Drosttphila mela- 
nogaster. Here the main feigale-determining genes 
are in the X chromosome and the male-determining 
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genes in the autosumes (A). The Y chromosome of 
the male contains male fertility genes but no sex 
determiners. The decision of sexuality in diploid 
Drosophila depends on the dosage of the X chro* 
mosome. In early 2X 2A embryos, whenever one 
X chromosome is lost, the tissue derived from cells 
with IX 2A undergoes male differentiation; that 
derived from the original 2X 2A cells becomes fe- 
male. Thus a sex mosaic, or gynandromorph, is 
formed (Fig. 8). 

The proof that male-determining genes are in 
the autosomes came from the discovery by C. B. 
Bridges of intersexes in the progeny of triploid 
female Drosophila and diploid males. These sterile 
intersexes, possessing two X chromosomes and 
three of each autosome (2X 3A) , show vaiying mix- 
tures of male and female parts. An extra set of 
autosomes shifts sexual development strongly in 
the male direction. The ratios of the numbers of X 
and autosome sets in the various sexual forms in 
Drosophila melanogaster are given in the table. 


Ratio of X to autosomes in Drosophila melanogaster 


Sexual form 

Chromosome composition 

Ratio. X 
to A 

Female tissue 

IX 1\ Haploid tissue, 
female, haploid 
individual 

1 0 

Diploid female 

2X 2A 

10 

Triploid female 

3X 3A 

1 0 

Tetraploid female 

4X 4A. (Occasionally 
found) 

1 0 

Superfemale 

3X 2A (Sterile) 

1 .*> 

Diploid mule 

IX 2A 

05 

Tetraploid male 

2X 4 A (Harely identified) 

05 

Supermale 

IX 3 A (Sterile) 

0.33 

Intersex 

2X 3A 

0 67 

Intersex 

.3X 4 A (Rarely identified) 

0 75 


To locate further female-determining sex deter- 
mining genes in the X chromosome of Drobophila^ 
a stork was used containing an X chromosome 
broken previouslv by means of x-rays somewhat to 
the left of its middle. The point of breakage was 
determined accurately by studying the broken X 
chromosome cytologically in the giant cells of the 
larval salivary gland. By special crosses, either the 
left-hand fragment or the right-hand fragment of 
this X chromosome was added to the 2X «3A inter- 
sex chromosome set Individuals with either frag- 
ment plus 2X 3A developed as weakly fertile fe- 
males, though individuals with the right fragment 
only plus 2X 3A sometimes retained vestiges of 
male sex combs. Since a shorter left- than right- 
hand fragment plus 2X 3A produced a weakly func- 
tional female, female determiners must be more 
concentrated to the left of the middle of the chro- 
mosome, although a number of regions throughout 
the X chromosome must contain female-determin- 
ing genes. Female-determining genes are thought 
to be located also in the tiny chromosome IV, 
since 2X 3A intersexcs with higher numbers of 
these IV chromosomes are more femalelike than 
2X 3A intersexes with fewer of them. 

This method has been used in an attempt to lo- 
cate the male-determining genes in the large auto- 


somes (II and III chromosomes). Short sections 
of broken II or III chromosomes have been added 
to the 2X 3A intersex set. Although the experi- 
ments covered the entire length of these large au- 
tobomes in short sections, no pronounced shift in 
the male direction was observed in the hyperinter- 
sexes. Fiiither experiments adding long fragments 
of the II or III chromosomes either to the 2X 3A 
intersex set or to the 3X 3A triploid female set 
failed to produce a shift in the male direction. The 
results show that there must be a minimum of two 
major male-determining genes in the autosomes of 
Drosophila. The male tendency genes must be lo- 
cated on both II and III chromosomes. The Hr 
(hermaphrodite) and tra (transformer) loci in 
the HI chromosome studied by J. 'W. (rowen and 
S. T. Fung and the ix (interspx) locus in the II 
chromosome studied by L. V. Morgan may repre- 
sent these male-determining genes. 

In the silkworm, Bombyx mon\ a very strong 
female determiner has been located in a small sec- 
tion of the Y chromosome. 

Sex balance in the dioecious plant, Rumex ace- 
tosa^ is similar to the Drosophila type. A ratio of 
IX to 2A makes a male plant; one of 2X to 2A 
makes a female plant. By stud>ing a series of 
plants cairying a definite autosome in tripikatc 
but diploid for the other autosomes, it has been 
determined that three of the autosomes had a net 
male-promoting effec t, whereas two of them had a 
net female-promoting effect 

Recent improveme^s in cytologic al techniques 
utilizing squashes of soft tissues or cells grown 
in tissue culture have permitted important conclu- 
sions to be drawn regarding the location of the 
male-determining genes in the human species. Con- 
trary to the long-held belief that the usual diploid 
chromosome number of Homo was 48, it is now 
established that the diploid number is 46, regard- 
less of race, age, sex, or tissue. However, excep- 
tional individuals do occur with more or fewer 
chromosomes because of nondisjunction at meiosis 
or failure of chromatids to separate in the first 
clevage division following fertilization. 

When the sex chromosomes are involved, in- 
dividuals may arise who are XX Y or XO (the 
latter having a single unpaired X chromosome) 
Abnormal males with Klinefelter’s syndrome 
(small testes, reduced expression of male second- 
ary sex characters, long limbs) have now been 
found to possess 47 chromosomes and to display 
the presence of the Barr chromatin clump char- 
acteristic of all cells with two X chromosomes. 
The conclusion is that these Klinefelter individuals 
must have two Xs and a Y chromosome. The pres- 
ence of the Y chromosome with two Xs produces 
an abnormal male differentiation. Other Kline- 
felter male types with apparently XXX Y and XX 
YY have been reported. A confirmation of the con- 
clusion that the Y chromosome is male-determin- 
ing lies in a study of XO individuals who are 
females, usually infertile, with immature ovaries 
and underdeveloped secondary sexual character 
(Turner’s syndrome). No Barr chromatin body b 



fax dtatorminoriofi 2S1 


found in their buccal mucosa cells, and their 
chromosome count is 45. Furthermore, mice with 
one X and no Y are known to be differentiated as 
females. Thus in men and mice a Y chromosome 
determines male development, and absence of it 
permits female development. The sex-determining 
mechanism in Homo resembles that of the plant 
Melandrium and differs from the mechanism 
found in the fruit fly, Drosophila. 

A strong male-promoting gene necessary for an- 
ther formation, male fertility genes, and a female 
suppressor gene in the Y chromosome of male plants 
have been found in the dioecious plant Melandrium 
album By crossing triploid and tetraploid Melon- 
inum strains, the intersexual XXX Y and XXXX Y 
plants were obtained. The male tendency of one Y 
was unable to outweigh fully the female tendency 
of four or even three X chromosomes. 

Females diploid, males haploid. In the insect 
order Hymenoptera (saw flies, bees, ants, and 
wasps), females are biparental, developing from 
fertilized eggs Males have a mother only, arising 
parthenogenetically from unfertilized eggs. Thus 
the female begins development with a diploid 
chromosome set; the male, with a haploid set 
H W Whiting, studying the tiny parasitic wasp 
Hahrobracon juglandis (Fig. 9), found that though 
no sex chromosomes are identifiable as such, fe- 
maleness is dependent upon heterozygosity at a 
sex locus At least nine sex alleles have been found 
which behave as a series of multiple alleles. The 
combination of any two different alleles results in 
a diploid female; a single allele occurs in a hap- 
loid male In sex mosaics or gynandromorphs of 
this <%pecies, female tissue arises from diploid cells 
heterozygous for a sex locus; male tissue arises 
from haploid cells Homozygosity of two sex alleles 
ran occ ur in inbred crosses, and gives rise to weak, 
usually inviable, diploid males. Sex determination 
in the honeybee. Apis mellifera^ has been found to 
he similar to that in Habrobracon, being dependent 
upon a series of 11 multiple alleles. Diploid males 



^^9 9. Hoplodiploid gynondromorph In Hahrobracon 
Whndis. (From P. W. WhWng, J. Horodity, 34(12h 
355 - 364 , 7943 ; 
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Fig. 10. Conjugation In bacteria, (a) Bacillus mega* 
thorium (from £. D. Dolamator, Cold Spring Harbor 
Symposia Quant, Biol, vol 16, 1951) (b) Eschorichia 
coli showing the 500-A bridge between the long 
norrow K-12 Hfr cell of one mating type and CF-* 
cell of the opposite mating type (from T, F Andorson, 
E L Wollman, and F Jacob, Annalos do Plnslitut Pas- 
tour, 93i950, 1957), 

homozygous for a sex allele always die, but male 
diploid tissue is found in certain mosaic bees. 

9CX IN MICROORGANISMS 

Sexual reproduction has long been known in 
thallophytic plants. Some species of bread molds, 
such as Mucor, are homothallic — ^the hyphae, or 
filaments, of a single strain undergoing conjugation 
with one another. Other species are heterothallic, 
the filaments of one strain requiring conjugation 
with filaments which are of a physiologically differ- 
ent strain. 

Complex systems of mating types have been dis- 
covered in Paramecium and other Protozoa, as well 


as in some green algae. In P. aurelia there are 17 
known mating types. Animals of the same mating 
type cannot mate with one another, but must mate 
specifically with animals of a certain other mat- 
ing type. Thus type I mates with type II, type VII 
with type VIII, and so on. Type XIV has not been 
found; type XIII mates, rather poorly, with type II. 
These mating types faU into two varieties. The de- 
termination of the mating type in variety A is pri- 
marily by means of a genetic locus in the macronu- 
cleus ; in variety B the determination is cytoplasmic 
When Qo cytoplasmic exchange occurs between 
conjugating animals of variety B, each exconju- 
gant remains of the same mating type as before; 
but when extensive cytoplasmic exchange takes 
place during mating, the exconjugant individuals 
will be exclusively of one parental type or the 
other. In variety A, however, the segregation and 
recombination of the mating-type locus produces 
Mendelian frequencies of like and unlike exconju- 
gants. Thus, the cross Mt-I X Mt-II produces both 
exconjugants of type I, one of type I and one of 
type [I, or both of type II in predictable frequen- 
cies. In this and similar mating-type phenomena, 
a multiplicity of mating types is not to be regarded 
as necessarily a multiplicity of sexes, since a mat- 
ing type involves sexuality plus a sexual attraction 
mechanism. 

Nuclei of certain bacteria, yeasts, and blue-green 
algae have been studied cytologically and photo- 
graphed. The chromosomal behavior in these forms 
is in many ways similar to that found in higher 
animals and plants. Sexual reproduction has been 
shown by cytological means to occur in the large 
bacterium. Bacillus megatherium^ and by electron 
micrographs in Escherichia coli^ the common colon 
bacillus (Fig. 106). In £. coli sexuality can be dem- 
onstrated also through the occurrence of genetic 
recombination into a single bacterial strain of 
marker traits introduced separately into a mixture 
of two bacterial strains, according to the work of 
J. Lederberg. Here not only + and — strains but 
also + and + strains will undergo recombination. 
Two — strains will yield no recombinants; that is, 
they do not undergo sexual reproduction. 5ee En- 
docrine gland; Genetics. [sb.p.] 

Bibliography: C. Auerbach, The Science of Ge- 
netics^ 1961; W. M. Davidson and D. R. Smith 
(eds.). Human Chromosomal Abnormalities, 1962; 
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SeX'influenced inheritance 

That part of the inheritance pattern on which sex 
differences operate to promote character differ- 
ences. These characters are expressed differently 
in the two sexes, even when their genotypes are 
identical. Some confusion exists between this term 
and sex-limited inheritance. Historically, differ- 
ences in horns in sheep first illustrated this mode 
of inheritance. Such characteristics as baldness in 
man, mahogany coat color in cattle, and eosin and 


some other eye colors in Drosophila all show influ- 
ence of sex. The effects frequently are attributed 
to hormones secreted by the sex cells, but often 
hormones cannot be demonstrated. The differences 
found within the individual body cells of the sexes 
may be the responsible factors. The subject is 
related to important economic and esthetic char- 
acters. See Gene action ; Genetics. 

Breeds of sheep are differentiated by presence of 
horns in both sexes, by presence of horns in males 
but not in females, and by absence of horns in ei 
ther sex. Where present, the horns in the females 
are smaller than those in the males. This holds true 
even for sheep of the Hebrides, where rams may 
have four horns and females two horns. Early cas- 
trations of homed males result ih hornless males 
B. L. Warwick and P. B. Dunkle’s studies suggest 
that the major inheritance for hornlessness is 
found at one locus in the genome. Three alleles ap- 
pear to exist at this locus. For breeds where both 
sexes are homed, their inheritance is represented 
as Purebreds having horned males and 

hornless females are considered as hh and pure 
hornless breeds as HH Presence of horns or horn 
lessness comes about as a consequence of the co 
operation of these genes with sex in the embryo 
logical development of the sheep. 

Sex-limited inheritance differs from sex-influ- ^ 
enced in that the inheritance finds expression only 
in one sex. A set of three allelic genes (-f. Hr, and 
trans) in the third chromosome of Drosophila il- 
lustrates this case, ^hen the wild-type alleles + j 
are present, the resulting progeny are normal males 
or females. Hr acts on diploid females causing 
them to become converted into hermaphrodites with 
parallel development of both male and female le 
productive systems. The males are completely un- 
affected bv this inheritance. When the other allele 
trans/trans, is homozygous in any diploid female, 
it causes the whole female reproductive system 
to convert into a fully developed male system. Milk 
ing goats offer a like example where inheritance 
that will affect only one sex converts the females 
into hermaphrodites. 

Another gene (^e) located at a different place 
in the third chromosome of Drosophila causes dip 
loid females to have only male progeny without re- 
gard to their male mates. This gene, as with those 
described above, does not affect the males in any 
way. Under normal conditions. Drosophila, like 
man, produces families with approximately equal 
numbers of males and females. 

These genes, sex-limited in their actions, are in- 
teresting in that man, among other species, displays 
hermaphroditic and other types of deviation from 
normal males and females which may be due 
to similar genes. Sex-limited inheritance may be 
more common than formerly thought. Sterility of 
several types and in several species may be caused 
by genes acting in this sex-limited manner. Histori- 
cally, the term sex-limited inheritance has often in- 
eluded much that was really sex influence* [ J J 
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Sex-linked inheritance 

The transmission to successive generations of dif- 
ferences that are due to genes located in the sex 
chromosomes. Because of their ready identification 
and straightforward expression, sex-linked genes 
have frequently provided the basis for crucial ob- 
servations and experiments in genetics. The best 
known sex-linked traits in man concern color vision 
and hemophilia. See Color vision; Human ge- 

NFTICS. 

Sex-linked genes are distinguished as such not 
by the traits they control but by characteristic pat- 
terns of transmission with respect to the sex dif- 
ference, paralleling in all respects the distribution 
of the sex-determining X or Y chromosomes. Ex- 
cept for the sex-determining factors themselves, 
sex-linked genes are no more likely than nonsex- 
linked genes to be concerned with differences in the 
primarv or secondary sexual traits that differenti- 
ate male from female. 

The following tabulation is an example of sex- 
linked inheritance in DrosophUa. In this example, 
\ is the X chromoMOine, Y the Y chromosome, 
and ly, w are sex-linked genes concerned with eye 
pigment. 


Parents: X"X«' X 

X^Y 

While-eyed 

Red-eyed 

female 

male 

Eggs: AllX*" 

Sperm: 

Oflspring: J^X^X^, 

HX^Y 

Red-eyed 

White-eyed 

females 

males 

Parents: X^'X" X 

X«Y 

Red-eyed 

White-eyed 

female 

male 

Eggs: HX^ 

Sperm: J^X*, HY 

Offspring: 

ViX’^X* J4X-X- 

KX’^Y KX-Y 

R.d-eyed White-eyed 

Red-eyed White-eyed 

females fmnales 

males males 


Sex linkage is termed complete in the case of 
genes located in the differential segment of the X 
chromosome which is not represented by a homolo- 
gous counterpart in the Y. Sex linkage is termed 
incomplete or partial if genes are located in ho- 
mologous X- and Ynshromosoine segments that pair 
*nd exchange parts daring meiosis. Contrary to 


most textbooks, cases of completely Y-linked genes 
are rare or doubtful, and evidence for partially sex- 
linked genes in man is inconclusive. 

Complete linkage. The pattern of transmission 
of completely X-linked genes is similar in different 
groups of organisms except that its phase with re- 
spect to sex may be reversed depending upon 
which of the two sexes possesses two X chromo- 
somes— the male (birds, butterflies, moths, and 
some fishes), or the female (most other animals, in- 
cluding vertebrates, and dioecious plants). Reces- 
sive X-linked traits are expressed more frequently 
in the heterogametic sex, which, being XY or X — , 
possesses only one X chromosome, than they are in 
the homogametic sex with two X chromosomes, 
because in the homogametic sex they are masked by 
dominant counterparts, in other words, alleles. This 
is true both in individual family pedigrees and in 
populations of diploid organisms, where the ex- 
pected fraction of recessive individuals within the 
heterogametic sex is the square root of the fraction 
within the homogametic sex. Completely X-linked 
genes at different chromosome loci recombine with 
each other by crossing over in the homogametic sex. 
See Mlndm.ism ; Recombination, genetic. 

Partial linkage. Where partially sex-linked genes 
occur, two homologous sets are present in both 
sexes, and the traits are seen among offspring in 
the Mendelian ratios characteristic of autosomal 
nonsex-linked genes, except that partially sex- 
linked differences show nonindependent segrega- 
tion with respect to the sex difference, and crossing 
over in the heterogametic sex is necessary in order 
for recombination with sex to occur. 

Sex-linked genes in the X chromosome of Dro- 
sophila furnished the basis for the first correct ex- 
planation of genetic linkage, the first linkage 
maps, the first detailed and critical proof that in- 
herited differences are located in chromosomes, and 
the first proof that mutations are produced by 
x-rays. 

The sex chromosomes are the only chromo- 
somes in man identified as carriers of specific 
genes, and until recently the only proved cases of 
generic linkage in man involved sex-linked genes. 

The term sex-linked was introduced by T. H. 
Morgan to distinguish differences due to genes lo- 
cated in the sex chromosomes from sex-limited dif- 
ferences whose expression is limited to one or the 
other sex, for example, differences in milk yield in 
mammals, but whose chromosomal basis may be 
other than sex-linked. See Genetics; Human ge* 
NGTics; Sex determination; Sex-influenced in- 
heritance. ri>-D.p.] 
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Sextant 

A navigation instrument used for measuring angles, 
primarily altitudes of celestial bodies. Originally, 
the sextant had an arc of 60®, or % of a circle, 
from which the instrument derived its name. Be- 
cause of the double-reflecting principle used, such 
an instrument could measure angles as large as 
120 ®. 

In modern practice, the name sextant is com- 
monly applied to all instruments of this type re- 
gardless of the length of the arc, which is seldom 
exactly 60®. Occasionally, the terms octant, quin- 
tant, and quadrant are applied to instruments hav- 
ing arcs of 45®, 72®, and 90®, respectively. 



Fig. 1 A marine sextant. 



Fig. 2. A perifcopic sextant for use in aircroft. 


Davolopment. John Hadley, an Englishman, and 
Thomas Godfrey, an American, are credited with 
inventing the marine sextant independently. The 
sextant has remained virtually unchanged since 
each of these men designed similar instruments in 
1730. Various less accurate, more cumbersome an- 
gle-measuring devices preceded the sextant, includ- 
ing the common quadrant, astrolabe, cross-staff, 
backstaff or sea quadrant, and nocturnal. Tycho 
Brahe (1546 1601) invented several instruments 
with arcs of 60®, which he called sextants. In 1700, 
Sir Isaac Newton designed an instrument incorpo- 
rating the double-reflecting principle, but his in- 
vention was not made public until after sextants 
had been constructed by Hadley and Godfrey. 

Modern instruments may be grouped in two 
classes, marine sextants and air sextants. 

Marine sextant. This is an instrument designed 
for use by mariners. It utilizes the visible sea hori- 
zon as the horizontal reference. It is equipped with 
a removable telescope to magnify the image of the 
horizon, and with shade glasses or filters to reduce 
glare. The marine sextant has been widely used as 
a symbol of navigation. 

Air sextant. An instrument designed for use in 
aircraft is called an air sextant. Such sextants vary 
widely in design, but all modern instruments have 
built-in artificial horizons. A bubble is most com- 
monly used for this purpose, but pendulums and 
gyroscopes have also been used. Most modern air 
sextants are periscopic, to permit observation of 
celestial bodies without need of an astrodome in 
the aircraft. Figure 2 illustrates a modern peri- 
scopic sextant. 

Extant altitude corrections. Altitudes measured 
with the sextant are subject to certain corrections. 
These may be classified as those related to: (1) in- 
accuracies in reading, (2) Inaccuracies in horizon- 
tal reference, (3) bending of ray of light from the 
body, (4) adiustment to equivalent reading of cen- 
ter of body, and (5) adjustment to equivalent read- 
ing at center of earth. [a.b.m.J 

Bibliography, N. Bowditch, American Practical 
Navigator, U.S. Navy Hydrographic Office, H. 0. 9, 
1958; J. C. Hill, 11, T. F. Utegaard, and G. Riordan 
(eds.), /button’s Navigation and Piloting, 1958. 

Sexual dimorphism 

A fundamental phenomenon of life is bisexuality, 
in which females produce relatively large, nonmo- 
tile eggs and males produce small, motile sperma- 
tozoa which fertilize eggs. In some organisms, such 
as the green alga Chlamydomonas, or echinodenns, 
such as the sea urchin or the sea star, the func- 
tional separation of the sexes is not marked by ob- 
vious morphological differences. Commonly, how- 
ever, the sexes can be diagnosed by differences of 
form or pattern. Such diagnostic differences be- 
tween tbe sexes comprise the phenomenon of sexual 
dimorphism. 

Examples among animals. Sexual dimorphism 
ranges from differences detectable only with care, 
to differences so extreme that careful study has 
been required to assign the sexes.to the same 



ries. A very minor dimorphism occurs in snakes, 
in which the main external difference between the 
qpxes is in the tapering of the tail posterior to the 
cloaca. This is abrupt in females, gradual in males. 
Moderate dimorphism is well known in man, where 
secondary sex characters include differences in 
liodily proportions and contours, in distribution of 
subcutaneous fat, in voice, and in other dimorphic 
characters. In deer, the males are marked by ant- 
lers. Plumage differences are common in birds. 
Thus the male red-winged blackbird presents a 
•striking pattern, whereas the female is a dull, gray 
bird ordinarily recognized only by experts. 

More extreme sexual dimorphism is common 
among the Rotifera. These animals are, on the av- 
eiage, the smallest metazoans, yet males are usu- 
ally much smaller than females and may lack var- 
ious structures and organs. In Epiphane^^ males 
are about half the length of females, and they lack 
a digestive system. In more extieme cases, males 
may be only one-twelfth the length of females, and 
onl\ the reproductive structures are well devel- 
oped. See Rotiffra. 

A sti iking example is afforded by the echiuiid 
worm, lionellia vindis (Fig 1). The female is com- 
plex, with a bulbous body about 1 in. long and a 
long, bifid proboscis. Yet the male is le&« than 1 mm 
long, has rudimentary organ systems, and resem- 
bles a large, (dilated protozoan. Sex determination 
has been thoroughly studied in Honellia. A larva 
nhich develops in isolation becomes a female, but 



l^ig. 1. Bonetlia. On the left is a female* on the right 
a male drown at a much greater magnification. The^ 
ciliatelike male is leu than 1 mm in length. (From E. O. 
Oodson, Genetics, Saunders, 1956) 



2. Crepfefu/o. Females are large, moles smaller, 
Jj^wse of pretandry. (Courtesy of W, R. Coe and the 
Poy. of BM., yoL 19, 1946) 
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one which settles on the proboscis of an established 
female becomes a male. See Echiiirida. 

pimorphism and protandry. A type of dimor- 
phism which is common among mollusks is associ- 
ated with protandry. A protandrous animal devel- 
ops first as a male, then later becomes a female. A 
simple dimorphism of size results, small individuals 
being male and large ones female. Crepidula^ the 
slipper shell, is a good example. The shipworm. 
Teredo^ transforms so early that females comprise 
about 909^ of a typical colony. The males, however, 
are very prolific sperm producers. In oysters, pro- 
tandroub individuals live side by side with those of 
permanent sex. Protandry is common in the west- 
ern oyster, Ostrea lurida^ but less common in the 
eastern oyster, Crassostrea virginica. The occur- 
rence of protandioiis and permanently sexed indi- 
viduals in one species provides an opportunity to 
study the genetic basis of protandry. 

Protandry occurs even among the Chordata. It is 
common among tunicates, and occasionally occurs 
in toads Near each testis is a small potential ovary. 
If the toad is castrated surgically or by parasitic 
infection, the potential ovaries enlarge and become 
fum tional. 

Sexual dimorphism among arthropods. Sexual 
dimorphism of all degrees occurs in arthropods. 
Crabs show very moderate dimorphism, males 
having a narrow abdomen, females a broad one. 
Also, male arthropods are generallv smaller 
than females. Some copepods, such as Cyclops and 
Calanus, are moderately dimorphic. Males are 
somewhat reduced in size, and their antennae are 
modified for clasping the females. However, 
Chondracanthus^ a paiasite upon gills of marine 
fish, has large females so strongly modified for 
para«><tism that few typical copepod characters 
remain in adults. Yet the male, minute and per- 
manently attached near the genital pore of the fe- 
male, shows fairly typical copepod structure. 

An interesting type of dimorphism occurs among 
stalked barnacles. These are hermaphroditic, but 
they may bear complemental males. These are 
always smaller than the host and may be reduced 
in stru^ \ lire, lacking digestive and other systems. 
Relatively complete complementals live at the edge 
of the mantle cavity of the host, whereas in species 
with very degenerate complementals a highly pro- 
tected position inside the mantle cavity of the host 
is taken. In the most extreme cases, the testes of 
the host are not developed, so that the sexes are 
separate and highly dimorphic. 

Ap outstanding insect example is the markedly 
dimorphic royal pair in a termite colony. After 
their nuptial flight and the founding of their col- 
ony, they lose their wings. The king remains fairly 
typical otherwise, but the queen is grossly modified, 
her abdomen becoming an enormous reproductive 
sac. She is completely dependent upon workers 
which feed her. There are two kinds of supple- 
mental males and females. The first is winged, and 
serves chiefly for establidiment of new colonies. 
The second is wingless, and becomes actively re- 
pioductive only if the royal pair dies. In addition 
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Fig 3. Scalpellum vulgare, a stalked barnacle. The 
large individual is a female bearing two complemental 
males# one of which is shown in detail at the left. 
(After Darwin and Smith, from L A. Borradaile and 
F. A. Potts, The Invertebrate, 2d ed., Cambridge Univ. 
Press. 1953) 

to these, the colony swarms with sterile workers and 
soldiers. 

Examples among plants. In the great majority 
of flowering plants, a single flower includes both 
stamens which produce pollen, and pistils in which 
the ovules develop. Just as in hermaphroditic ani- 
mals, sexual dimorphism is out of the question 
here. However, staminate and pistillate flowers are 
separate in some species, and thus sexual dimor- 
phism can occur. In some, both kinds of flowers 
occur on the same plant, which is then monoecious 
but dimorphic. Perhaps the best example is Indian 
com, the tassels being staminate and the ears pis- 
tillate inflorescences. Other examples include the 
oak, hickor>, beech, and birch trees. In other cases, 
the two kinds of flowers occur on different plants, 
and hence they are dioecious as well as dimorphic. 
Examples include the date palm, hemp, box elder, 
willow, and poplar Only males exist in the Lom- 
bardy poplar, so that vegetative propagation is 
obligate. 

Significance of sexual dimorphism. The signifi- 
cance of this widespread phenomenon is not easily 
determined, and probably no single explanation 
embraces all cases. Sexual dimorphism was ex- 
plained by Darwin on the basis of sexual selection. 
This aspect of Darwinian theory has not been 
wideK accepted, and it seems unlikely that sexual 
sele< turn has produced most cases of sexual dimor- 
phism. Howe\er. it is probable that dimorphism has 
selective value based upon recognition of the sexes 
and stimulation of sexual responsiveness. 

In some cases, sexual dimorphism seems to be a 
step toward elimination of the male and establish- 
ment of obligate parthenogenesis. The three orders 
of Rotifera exemplify this. In the Seisonidea, the 
sexes are about equally developed, although males 
are somewhat reduced in size. In the Monogononta, 
reduction of males ranges from moderate in Epiph- 
anes to extreme in Asplanrhna. Finally, in the 
Rdelloidea. males are unknown and reproduction 


is exclusively parthenogenetic. See Bdelloidea; 
Monogononta ; Seison acea. 

In other instances, sexual dimorphism increases 
the probability of successful fertilization. Thus, in 
Bonellia. in which males exist only as parasites 
within the females, the availability of sperm is as- 
bured to the host female. Again, sexual dimorphism 
may play a role in the promotion of cross fertiliza- 
tion This is well exemplified by the stalked barna- 
cles. In general, these are hermaphroditic and co- 
lonial, and cross fertilization is the rule. Some 
species, however, are solitary, and it is in these that 
complemental males are best developed. The apt- 
ness of this mechanism for promoting cross fertili- 
ration in a solitary, hermaphrodUic species is ob- 
vious. Whether self-sterility genes exist in these 
animals is unknown. 

Another type of sexual dimorphism, polymor- 
phism, is exemplified by termites. In this group, 
it appears to be one aspect of a complex poly- 
morphism based upon the caste society of these in- 
sects. See Social insects. 

Physiology. The physiology of establishment of 
sexual dimorphism has been well studied in respect 
to feathering patterns in chickens. A cock-feath 
qred chicken has long, pointed, fringed feathers in 
the neck and tail regions, whereas a hen-feathered 
chicken has a more uniform coat of shorter 



Fig. 4. Corn, a monoociout, dimorphic plont. The eon 
are the pistillote, the tasieb the polllnote, inflofft* 
cences. (DeKelb Agricultural AstocMIon) 



rounded, fringeless feathers. In most breeds, this 
sex difference is quite regular, but in Campines, 
Hamburgh, and some other breeds, male«( may be 
either cock-feathered or hen-feathered, and Se- 
iiright bantams are always hen-feathered regardless 
of sex. Experimental crosses show that hen-feath- 
eied rocks carry a dominant gene, Hf, Chickens of 
genotypes HfHf or Hfhf are hen-feathered irre- 
spective of sex, whereas chickens of genotype 
hfhf show typical dimorphism. Chickens of any 
genotype, if castrated, develop poulard feathering, 
which is similar to cock feathering. If castrated 
chickens are artificially supplied with sex hor- 
mones, the result depends upon both the genotype 
and the hormone. Homozygous hfhf chickens will, 
following the next molt, develop hen feathering in 
the presence of female sex hormone or cock 
fealhering in the presence of the male sex hor- 
mcme. However, chickens of genotypes HfHf and 
Hfhf develop hen feathering in the presence of 




(After Tillyard, from LA, Borradaile and F, A. Potts, 
The Invertebrata, 2d ed,, Cambridge Univ. Press, 19531 



6. (o) Cock feathering, (b) Hen feothering. (From 
^ O. Dodson, Goneiies, Saunders, 1956) 
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either sex hormone. These experiments show that 
cock feathering or, more accurately, poulard feath- 
ering is a neutral state from which dimorphic 
deviations may be induced by an appropriate com- 
bination of genotype and sex hormones. See Sex 
determination. \ E.O.D.] 

Seymouriamorpha 

A group of Late Carboniferous and Permian tetra- 
pods which almost exactly bridge the gap in 
skeletal structure between labyrinthodont amphib- 
ians and cotylosaurian ‘*stcm” reptiles. Hence, in 
default of knowledge of their embryology, they 
cannot be positively assigned to either of the two 
classes. In vertebral construction, their expanded 



Dorsal view of Seymouna; about 20 in. long. (After 
WiUiston, as used in A. S. Romer, Vertebrate ^a/eon- 
tology, 2d ed , Univ, of Chicago Press, 1 945) 


neural arches match those of the cotylosaurs, but 
the interccntra are larger than in typical reptiles. 
In the skull such features as the presence of an 
intet temporal bone and a deep otic notch placed 
higii in the cheek are primitive amphibian char- 
acters, but features nevertheless to be expected in 
an ancestral reptile. Representative of the group 
IS Seymouria of the Texas Early Permian. See 
CoTYLOSACJPIA ; LaBYRINTHODONTIA. [a.S.R.] 

Sfarics 

The electromagnetic radiations originating in 
atmospheric electrical discharges. Thunderstorms 
are the principal sources of these discharges. These 
radiations are also known as atmospherics, but the 
contracted form sfeiics is more common. The term 
sferics is occasionally used for radiations coming 
to the earth from outside the earth’s atmosphere, 
but this usage is not common. See Aimospheric 
llectriuty; Electromagnetic radiation. 

Sferics are the major cause of static heard in 
amplitude-modulated radio receivers. This same 
noise can, however, be put to good use in the 
detection and tracking of severe storms such as 
squall lines, tornadoes, snowstorms, and hail- 
storms. Sferics are important in two major scien- 
tific areas: (1) the determination of the char- 
acteristics of the source of the radiations; (2) the 
study of the propagation of thase radiations within 
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and beyond the eartb^s atmosphere. An example of 
the latter use is the determination of the eJectron 
concentrations beyond the earth^s atmosphere by 
studies of the propagation of sferics along the 
lines of the earth’s magnetic field to the conjugate 
point on the opposite hemisphere. The sferics 
which propagate in this manner are in the audio- 
frequency range and are called whistlers. See 
Aeronomy; Astronomical geophysics; Radio- 
wave propagation; Storm detection. 

Information on the nature of a storm may be ob- 
tained ffom the characteristics (waveform, fre- 
quency, rate of occurrence) of the sferics which 
originate therein. For example, it has been found 
that when there are numerous sferics characteristic 
of intracloud discharges, tornado a«?tivity is likely 
to occur. See Tornado. 

The frequencies radiated by lightning dis- 
charges vary from a few cycles per second up to a 
few thousand megacycles per second, with the peak 
of the frequency distribution at about 10 kilocycles 
per second. At this peak frequency, electrical 
storms from as far away as 3000 miles can some- 
times be detected. See Lightning. 

Sferics are commonly detected by means of di- 
rection-finding antennas consisting of two loops, 
one oriented north-south and the other east-west. 
The signals picked up by these loops are fed into 
separate amplifiers and then into the deflection 
plates of a cathode-ray oscilloscope. A straight- 
line trace is formed on the face of the oscilloscope, 
the angle of the line indicating the direction of 
arrival of the sferics. By using three or more such 
direction-finding stations, the location of the 
source of the radiations may be pinpointed. [c.se.] 

Bibliography: C. P. Mook (ed.). Symposium on 
sferics and thunderstorm electricity, 7 Geophys. 
Research^ 65(7) : 1865 -1966, 1960; Sferics {sup- 
plement)^ in Meteorological Abstracts and Bibli- 
ography, vol. 10, no. 4, 1959; U.S. Air Force, 
Handbook of Geophysics, 1%0; R. C. Wanta, 
Sferics, in T. F. Malone (ed.). Compendium of 
Meteorology, 1951. 

Shad 

Any of a variety of fresh- water and marine fishes 
of the order Isospondyli, and related to the her- 
rings. 

Perhaps best known is the American shad, Alosa 
sapidissima, a laterally compressed, silvery fish, 



The shad, Alosa sapidissima^ length to 2)4 R- (From 
E, L Palmar, Flaldbook of Natural History, McGrow- 
Hill, 1949) 


which attains a length of 2H ft and sometimes 
weighs over 13 lb. This deep sea fish is native to 
the Atlantic Coast, but it has been successfully in. 
troduced along the Pacific Coast. To spawn it 
migrates into fresh water where it is caught in 
large quantities, being highly favored for both its 
flesh and its roe. Dams, pollution, and overfishing 
have reduced or eliminated it entirely in many 
streams where it was once abundant. 

The gizzard shad, Dorosoma cepedianum, is a 
very abundant fresh-water shad, especially in the 
southern and midwestern parts of the United 
States, where it is important as a forage fish. There 
are several related species in American waters. See 
Clijpeiformes ; Herring. [ j .d.b. J 

Shadow 

A region of darkness caused by the presence of an 
opaque object interposed between such a region 
and a source of light. A shadow can be totally dark 
only in that part called the umbra, in which all 
parts of the source (or sources) are screened off. 
With a single source of appreciable breadth, there 
is a region of the shadow called the penumbra 
which is illuminated by only part of the source. For 
fxample, the shadow of the moon shown in the 
diagram has an umbra which barely touches the 
earth during a total eclipse of the sun. The eclipse 
is only partial for an observer situated in the pe- 
numbra. See Eclipse, astronomical. 

umbra 



penumbra 


Shadow of the moon at the time of an eclipse. (Rela- 
tive sizes are not to scale.) 

The term shadow is also used with other types of 
radiation, such as sound or x-rays. In the case of 
sound, pronounced shadows are formed only for 
high frequencies. The high frequency of visible 
light waves makes possible shadows that are nearly 
black {see Diffraction). X-ray photographs are 
shadowgrams in which the bones and tissues ap- 
pear by virtue of their different opacities, or de- 
grees of absorption (see Radiography). The bend- 
ing of light rays by reflection or refraction may also 
produce shadow patterns. An important practical 
example is the schlieren method of observing flow 
patterns in wind tunnels. See Schlieren photog- 
raphy. |f.a.j.1 

Shadowgraph of fluid flow 

A simple method of making visible the disturbances 
that occur in fluid flow at high velocity. The three 
principal methods of optical fluid flow measure- 
ments, schlieren, interferometer, and shadowgraph, 
depend on the fact that light passing through a 
flow field of varying density is retarded differently 



entering light rays 



Fig 1 Density gradient in fluid flow refracts light 
rays 



Fig 2. Shadowgraph produced by light passing 
through fluid in test section indicates flow pattern 


tliroiifrh the field, resulting in a turning of the 
wave fronts, that is, a refraction of the rays, and ' 
m a relative phase shift along different rays. The 
fifst of these, the refraction of the rays, is the basis 
for shadowgraph flow visualization. 

Figure 1 shows light crossing a flow field of 
varying density in the y direction, as represented 
h) the lines of constant density. The light ran be 
considered to be acting as a wave entering at the 
Ic’ft. The lines marked w are the wave fronts at 
siicressive times, and the lines orthogonal to them 
and marked r are the rays of light. Because large 
density gradients have a greater effect on the veloc- 
ity of the light, the wave front turns as shown. The 
tay of light is turned through the same angle. It 
can be shown that for plane flow, where conditions 
are the same along any x direction, the deflection 
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ol iW tay pTopoTt\ona\ lo i\ie denaily gradienX. 
For three dimensional flow, as in a wind tunnel, 
the final deflection depends upon all of the density 
gradients env ountered. 

The application of the shadowgraph to a wind 
tunnel in shown in Fig. 2. The rays enter normal 
to the side wall through the window at the left. 
(The window is optical glass of high quality to 
reduce refraction and to assure that observed ef- 
fects are caused by the flow in the test section.) 
As they pass thiough the test set lion, they en- 
counter a change in density of the fluid in the 
tunnel, and arc deflected. The light rays then fall 
on a screen where they are observed or photo- 
graphed Where the rays have crowded together, 
the screen is bright Iv illuminated, and where the 
rays diverge, the screen is dark. Where the spacing 
is unchanged, the illumination is normal, even 
though there has been a change of density along 
the path of the tay 

The light need not be parallel when it enters the 
test section, so the slit source and lens systems of 
the other methods are not required. This simplicity 
makes the shadowgraph sv*»tem considerably less 
ex|Mmsive than other methods, it is often used 
wheip the finei lesolntion of the other systems is 
not requited or desiiable\ .See In ri R>FR01VIE1RY ; 
ScHiiLHi*N phoiography; Shock-wave display 

iR.I.C.l 

Hibliography : I V. Charyk and M. Summerfield 
(eds.). High Speed Aerodynamics and Jet Propul 
Sion, vol 9, 19»*)4 

Shaft balancing 

When a body, unconstrained by bearings, rotates in 
spare, its center of gravity lies in the axis of ro- 
tation. However, when a body (rotor or shaft) is 
rotating in bearings, the axis of rotation is deter- 
mined geometrically bv the beatings, and the cen- 
ter of gravit> does not usually lie in that axlb but 
describes a small circle about the axis of rutatiem 
The resulting c entrifugal force causes vibration and 
vibratory for es on the bearings that may spread 
throughout the foundation. The centrifugal force 
F is where m is the mass of the body, r its 

radius, and o) is its rotational speed. Because F is 
proportional to the square of rotational speed, the 
effect IS unimportant for slow speed machines and 
of overwhelming importance for high-speed rotors. 
For a 300 rpm rotor the eccentricity oi the center 
of giavity which causes a centrifugal force equal 
to the weight (and heme makes the machine jump 
from Its bearings) is about 0.4 in., for a 3000 rpm 
machine that distance is 0.004 in., and for a 3i0.0(X) 
rpm machine it is 0.00004 in. 

Balancing machine. After a rotor has been 
manufactured it is plat ed in a balancing machine. 
This device consists of bearings with small lateral 
stiffness that present little resistance to vibration, 
and the machine is equipped with sensitive vibra- 
tion-measuring instruments. The rotor is spun and 
the resulting bearing vibration is an indication of 
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the unbalance or eccentricity of the center of grav- 
ity of the rotor. This is compensated for by placing 
small correlation weights or drilling small indenta- 
tions at appropriate locations on the rotor. 

Balancing machines have been developed to 
great accuracy and also have been made automatic. 
Small electric rotors for domestic appliances are 
balanced in such an automatic machine; the entire 
process of measuring and locating the eccentricity 
and of placing the correction weights takes a small 
fraction of a minute. Automobile front wheels are 
balanced on similar machines. Rotors for gyro- 
scopes for navigational purposes running at speeds 
of 20,000 tpm and higher are balanced on machines 
that reduce the eccentricity of the center of gravity 
to a fraction of a millionth of an inch. 

Unbalance in turbines. A vexing problem in 
bteam and gas turbines is that of heat distortion of 
the rotor, in which the temperature rise causes a 
bending of the rotor with consequent displacement 
of its center of gravity. Such rotors cannot be bal- 
anced, and the original design must be such as to 
preclude heat distortion. 

Another type of unbalance is hydro- or aerody- 
namic unbalance which occurs in propellers, pumps, 
and turbines as the result of slight differences in 
the angle of pitch of individual blades. This type, 
being independent of rotational speed, is of rela- 
tively large importance in low-speed machinery and 
can be corrected by changing the pitch angles of 
the blades. fj.p.D.ii.l 

Shafting 

The machine element that supports a roller and 
wheel so that the\ tan perform their basic func- 
tions of rotation. Shafting, made from round metal 
bars of various lengths and machined to dimension 
the surface, is used in a great variety of shapes and 
applications. Because shafts carry loads and trans- 
mit power, the\ are subject to the stresbes and 
strains of operating machine parts. Standaidired 
procedures have been evolved for detei mining the 
mateiial characteristics and size requirements for 
safe and eionomical construction and operation. 

Types. Most shafting is rigid and carries bending 
loads without appteiiable deflection. Some shafting 
is highly flexible; it is used to transmit motion 
around corners. 

Solid shafting. The normal form of shafting is 
a solid bar. Solid shafting is obtainable commer- 
cially in round bar stock up to 6 in. in diameter; it 
is produced by hot-rolling and cold-drawing or by 
machine finishing with diameters in increments of 
H in. or less. For larger sizes, special rolling pro- 
cedures are required, and for extremely lairge 
shafts, billets are forged to the proper shape. Par- 
ticularly in solid shafting, the shaft is stepped to 
allow greater strength in the middle portion with 
minimum diameter on the ends at the bearings. 
The steps allow shoulders for positioning the vari- 
ous parts pressed onto the shaft during the rotor 
assembly. 


Hollow shafting. To minimize weights, solid 
shafting is bored out or drilled, or hollow pipes 
and tubing are used. Hollow shafts also allow in- 
ternal support or permit other shafting to operate 
through the interior. The main shaft between the 
air compressor and the gas turbine in a jet aircraft 
engine is hollow to permit an internal speed reduc- 
tion shaft with the minimum requirement of space 
and weight. A hollow shaft, to have the same 
strength in bending and torsion, has a larger diam- 
eter than a solid shaft, but its weight is less. The 
center of large shafts made from ingots are often 
bored out to remove imperfections and also to 
allow visual inspection for forging cracks. 

Functions. Shafts used in special ways are given 
specific names, although fundamentally all appli- 
cations involve transmission of torque. 

Axle. The primary shafting conneition between 
a wheel and a housing is an axle. It may simply be 
the extension of a round member from each side of 
the rear of a wagon, and on the end of each the 
hub of a wagon wheel rotates. Similarly, railroad 
car axles are large, round bars of steel spanning 
between the car wheels, supporting the car frame 
with bearings on the axle outside the wheels. Axles 
normally carry only transverse loads, as in the ex- 
amples above, but occasionullv, as in rear automo- 
bile housings, the axles also transmit torsion loads 

Spindle A short shaft is a spindle. It may be 
small, or slender, or tapered A spindle is capable 
of rotation or of having a body rotate upon it. It is 
similar to an arbor o|^a mandrel, and usage defines 
the small drive shaft of a lathe as a live spindle 
The term originated from the round tapering stu k 
on a spinning wheel on which the thread is twisted 

Head A short stub shaft mounted as part of a 
motor or engine or extending direc tly therefrom is 
a head shaft. An example is the power take-off 
shaft on a tractor. 

Counter shaft. A secondary shaft that is diiven 
by a main shaft and from which power is supplied 
to a machine part is called a counter shaft. Often 
the counter shaft is driven by gears, and thus ro- 
tates counter to the direction of the main shaft 
Counter shafts are used in gear transmissions to 
obtain speed and torque changes in transmitting 
power from one shaft to another. 

Jack shaft. A countershaft, especially when used 
as an auxiliary shaft between two other shafts, is 
termed a jack shaft. 

Line shafting. One or more pieces of shafting 
joined by couplings is used to transmit power from, 
for example, an engine to a remotely located ma- 
chine. A single engine can drive many lines of 
shafting, which, in turn, connect in multiple fashion 
to process equipment machines. Belts operate on 
pulleys to transmit the torque from one line to an- 
other and from the shafting to the machines. 
Qutches and couplings control the transfer of 
power from the shafting. 

The delivery of power to the machines in a rfiop 
has generally been converted from line shafting to 



individual electric motor drives for each machine. 
Thus, in a modern processing plant line shafting is 
obsolete. See Belt drive; Pulley. [J-J.R.I 

Shale 

\ fine-grained laminated or fissile sedimentary rock 
made up of silt- and clay-sized particles. The aver- 
age shale consists of about one-third quartz, one- 
third clay minerals, and one-third mihcellaneous 
minerals, including carbonates, iron oxides, feld- 
spars. and organic matter. The mineral composi- 
tion of shales is poorly known because ordinary 
microscopy is unsatisfactory with such fine-grained 
materials, and x-ray diffraction methods do not al- 
ways give analyses of all of the material. 

Chemical composition. The chemical composi- 
tion of shales, because of the difficulty of mineral 
identification, has been studied more than mineral 
I’oniposition. The average shale, as (calculated by 
F W. Clarke, consists of about 58% silicon dioxide. 
SiOj. 15% aluminum oxide, AI 2 O 1 , 6% iron oxides. 
FeO and Fe-jOi, 2% magnesium oxide. MgO. 3% 
(dieium oxide. CaO. 3% potassium oxide, KjO, 1% 
sodium oxide, Na^O, 5% water, lIoO, and lesser 
nmoiints of other metal oxides and anions. Chemi- 
cdl composition varies with grain size, the coarser 
ftaitions having more silic'a and the finer having 
more alumina, iron, potash, and water. Shales nor- 
mallv contain a large amount of quartz silt, up to 
60'? in some analyses. Some shales have abnor- 
malU high silica content that cannot be ascribed to 
‘'lit content. Most of the excess silica is in the form 
•)f very finely crystalline quartz, chalcedony, or 
opal, probably the result of large numbers of dia- 
toms or yolcanic ash in the sedimentary environ- 
ment Iron-rich shales may contain much pyrite or 
siderite. or iron silicates, all of which imply at least 
mildly rediuing conditions in the original enviion- 
mcnl Calcareous shales may contain several car- 
bonate minerals and may be fossiliferous, grading 
laterally into limestones in some cases. High lime 
(ontent may also be associated with the presence 
of gypsum. Potash is almost always more abundant 
than soda, possibly as a result of fixation in illitic 
* la\ minerals. Shales rich in organic matter signify 
hi k of oxygen in the sedimentary environment. Or- 
Kdnir matter may be carbonaceous, in which oxygen 
is chemically bound to carbon and hydrogen, or 
petroliferous, in which oxygen is essentially absent 
Axid the compounds are hydrocarbons of various 
kinds. The color of shales is not in general due to 
distinctive chemical composition but rather to pig- 
n^'mtdtion by small quantities of colored material. 
Red color in redbeds is associated with pigmenta- 
tion by ferric iron, black color with carbonaceous 
twaterial, green or dark gray with ferrous iron. 

Fiesility. The tendency for shales to split along 
bedding planes is called fissility; it is a product of 
the subparallel orientation of the individual grains 
of micaceous minerals along bedding planes. Part 
of this orientation may be introduced during sedi- 
otenlation by slow settling of particles, but most of 


Shaped diarfa 241 

the effect is due to post-depositional compaction 
and reorientation of the platy minerals under pres- 
sure. 

Lamination in shales, which ranges from 0.05 to 
1.0 mm, is due to grain size variations, mineralogi- 
cal variations, or color variations resulting from 
minor amounts of mineral or organic matter pig- 
ment. The laminations may be due to seasonal cli- 
matic factors that affect the source of supply and 
to sedimentation currents, similar to factors that 
influence the formation of varves in varved clay. 
Lack of lamination is chiefly the result of rework- 
ing of soft sediment bv bottom-dwelling scaveng- 
ing organisms. Such reworking can also result in 
mottled mixtures of clay and sill. See Clay; Clay 
minerals; Vsrvf. 

Classification. No general agreement on a das- 
sification scheme for shales has been reached. On 
the basis of the composition of the silt fraction, 
W. C. Kiiimbein and L. L. Sloss have divided shales 
into groups roiighl> paralleling sandstone tyi^es: 
quartzose shale (orthoquaitzite), feldspathic shale 
(arkose). chloritic shale (graywdcke), and mica- 
ceous shale ( subgray w a( keL Their interpretation 
of the oiigin of the«e groups roughly is the same 
as for corresponding sandstone groups, stipulating 
that the shales were deposited in quieter waters 
than the sandstones. Shales may also be subdivided 
on the basis of origin, as was done by F. J. Petti- 
john. into residual (from reworked soils), trans- 
ported, and hybrid. The hybrid shales are mixtures 
of clastic and nonclastic maleiials (carbonate, or- 
ganic ma!te^ iron oxides). The hybrid shales rep- 
resent slow rates of (‘lastic sedimentation that gave 
the opportunity for chemical and biochemical proc- 
essp*, to dominate the sedimentary enyironment. In 
this "roup belong the black shales, which may con- 
tain up to 25 Vr organic matter and may even grade 
laterally into purely organic beds such as coal. 
Black shales arc commonly phosphatic; any fossils 
present are thin (*arbonized impressions or p\ 
ritized. The faunas represented may be dwarfed 01 
depauperate. Any calcareous shells are thin, nor- 
mally of the Lingula type. Sili(*eous, alumina-rich, 
and lion-rich shales represent special conditions 
under which the appropriate elements are incorpo- 
rated into the clay minerals or precipitated as ox- 
ides. See ARCTL!.ArEous rocks; Argillite; Bfn- 
toniie; Black shale; Loess; Rfdbed; Sedimen- 
tary ROCKS. LR-s.1 

Shaped charge 

A Ijigh explosive devire that exploits the VMsalled 
Munroe effort. Charles E. Munroe, a leader in the 
development of explosives in the United States, 
made this novel discovery. He found that when let- 
ters are inscribed on the base of an explosive 
charge, an exact image is engraved in a steel plate 
upon which the charge is detonated. 

lliis shaped or hollow-charge effect results from 
the interaction of the shock wave (detonation 
wave) in the exploding charge with the surface of 




Fig. 1 Block of explosive (right) with words “Munroe 
Effect" molded on the surface, and a steel plate (left) 
which was placed in contact when the charge was ex- 
ploded. (Tro/on Powder Company) 



Fig 2 A heavy steel disk engraved by a charge sim- 
ilar to that used in Fig 1. (Tro/on Powder Company) 


the coniavitv Because the detonation front en- 
closes the cavity, it produces in it a convergent 
shock wave. Extrenielv high pressureb and tem- 
peratures result If the cavity is lined with a thin 
sheet of metal the liner is driven inward and ex- 
trudes as a very thin, extremely high-velocity, liq- 
uid let 

The shaped chaige has been used in many armor- 
piercing weapons, notably the bazooka of World 
W'ar II fame. Since the war, special shaped charges 
have been developed for piercing the steel casings 
in oil wells. The so-called let Tapper also exploits 
the same principle to tap a blast furnace. 

Expel imental and theoretical studies of the 
shaped-charge effect have advanced the understand- 
ing of high-speed impacts such as those produced 
by meteorites on the earth Shaped-charge tech- 
niques for producing high-speed pellets with veloci- 
ties of about 7000 m/sec have also made possible 
the investigation of atmospheric erosion (ablation) 
on meteorites and missiles. Besides cavities, vari- 
ous other means are used to shape the detonation 
wave in order to produce such phenomena. See Ex- 
plosion AND lxplosivl; Explosive I’Orminc,. 

rw.fc.c.i 


Shaper 

A machine tool for cutting flat or flat contoured 
surfaces by reciprocating a single-point tool across 
the workpiece. A shaper is usually used for small 
pieces requiring a short cutter stroke rather than 
for laige pieces requiring longer strokes provided 
by a planer. 

Shapers are classified as either horizontal or ver- 
tical depending on the plane of motion of the 
reciprocating ram. The latter type is often re- 
ferred to as a slotter. The maximum stroke pro- 
vided by the ram designates the size of the ma 
chine. 

On horizontal shapers, a movable tool head 
mounted on the end of the ram permits angulai 
cuts as illustrated. A hinged clapper box piovidcs 
tool relief on the return stroke, while a movable 
table holds the workpiec e. 



Horizontal ram type shaper (Rockford Machine Tool 
Co.) 


Vertical machines hold the tool firmly on th( 
ram while the workpiece is fed into the tool b\ 
moving the table. See Machining opf rations 

[afI 

Shark 

Any of about 200 species of fishes with cartilagi 
nous skeletons, heterocercal tails, very hard placoid 
scales, and gills in separate clefts in pairs of five, 
except in one species with six and one with seven 
The body is typically spindle-shaped. Sharks are 
further characterized by the presence of spiracle** 
a spiral valve, and a ventral mouth, usualb 
equipped with several rows of teeth. These fi'^b^^ 
are looked upon with disfavor by most commercial 
fishermen because of the damage they do to nets 
and because of their predatory feeding habits. 

Kinds of sharks. Sharks are almost all marine 
One small species, however, lives in Lake Nicara- 
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The mackerel shark, Lamnia nasus; length to 12 ft. 
{From £. L. Palmer, Fieldbook of Natural History, Mc- 
Graw-Hill, 1949) 


gua, and another small form is found in mountain 
lakes in the Philippine Islands. Occasionally a ma- 
rine shark will wander upstream some distance into 
fresh water. Sharks are the largest of all fishes and 
include the largest living animals except the whales. 
Caracharodon carcharias, the man eater or great 
white shark, grows to a length of 30 ft. This is the 
shark u.sually responsible for attacks on humans in 
Australian waters. The two largest sharks are 
plankton feeders, straining food from the sea by 
means of their gill rakers. These are Cetorhinus 
maxim us^ the basking shark, which grows to a 
length of 40 ft, and the whale shark, Rhineodon 
tvpu^. which reaches a length of 30 ft. Most other 
sharks are predaceous and feed on shrimp, squid, 
lobsters, cTabs, and fishes. Some of the larger spe- 
cies prey upon seals and sea lions. 

Economic importance. Except in Australia 
where it is a favored fish, shark meat is not utilized 
to any great extent as human food. Shark fins, how- 
o\er, arc prized by some Oriental peoples, and 
<«hdiks are used for animal food and fertilizer. 
Sharks have large livers which are rich in oil, and 
there is a substantial fi.shery for shark liver oil. 
This oil is rich in vitamin A and i.s processed for 
UM* as a human and animal vitamin supplement. 

Shark .skin is utilized commercially as an abra- 
•'ive under the name shagreen. It is also tanned 
into a serviceable leather. 

The various species of small sharks called dog- 
fishes are commonly used for di.ssection in verte- 
brate anatomy courses as an example of the primi- 
tive vertebrate .structure. 

Reproduction. Sharks produce large eggs con- 
^dining much stored yolk. Primitive species lay '' 
♦‘ggs, sometimes in elaborate, leathery cases. Most 
‘sharks, however, retain the eggs in the uterus until 
*bey complete development, giving birth to living 
y>ung. In all instances shark eggs are fertilized 
internally, the males having a pair of copulatory 
mgans called claspers as modifications on their 
P^hic fins. See Chondrichthyes. (j.d.b.] 

Shear 


^ ‘'training action wherein tangentially applied 
lorces produce a sliding or skewing type of defor- 
mation. A shearing force acts parallel to a plane 
distinguished from tensile or compressive forces, 
ivliich act normal to a plane. Examples of force 
producing shearing action are (1) forces 
«nsmitted from one plate to another by a rivet 


that tend to shear the rivet, (2) forces in a beam 
that tend to displace adjacent segments by trans- 
verse shear, and (3) forces acting on the cross sec- 
tion of a bar that tend to twist it by torsional shear 
( Fig. 1 ) . Shear forces are usually accompanied by 
normal forces produced by tension, thrust, or bend- 
ing. 

Shearing stress is the intensity of distributed 
tangential force expressed as force per unit area. 
Shear stresses on mutually perpendicular planes at 
a point in a stressed body are equal. When no nor- 
mal 8tres.ses exist the state of stress is pure shear, 
which Induces both normal and shear stresse.s on 
oblique planes. Elements oriented 43® to planes of 
pure shear are subjected to biaxial tension and 
compres.sion equal to the shear .stress (Fig. 2a), 
Similarly, pure shear is induced by equal and op- 


t 



single shear on rivet 



transverse shear in c» beam 



torsion 


Fig. 1. Shearing actions. 



Fig. 2. State of pure shear, (o) Shear produces bi- 
axial tension and compression, (b) Biaxial stresses In- 
duce sheer. 




244 Shear contar 



Fig. 3. Sheer strain. 



I 

Fig. 4. Shear distortion. 


poHte biaxial stresses (Fig. 2ft). Pure shear is the 
maximum shear stress at the (mint. Under com- 
bined stress, the shear stress is found bv principal 
stress analysis. 

Shearing strain is the displacement €« of two 
parallel planes, unit distance apart, which accom- 
panies shear stresses acting on these planes. Shear- 
ing distortion is visualized as sliding without sepa- 
ration or contraction of all planes parallel to the 
"hear forces, like cards in a pack (Fig. 3). For 
planes unit distances apart 

Cm = tan 0 ^ ^ radians 

wheie tft is the small angle of distortion. 

Modulus of rigidity, designated £<,^ C, or is 
the shearing modulus of elasticity, which according 
to Hooke's law is the constant of proportionality 
between shearing stress .S, and shearing strain 
0 doling elastic behayior. 

After shear distortion, the angles of a rectangu- 
lar element are altered by the shear strain ^ 
(Fig. 4). Changes in length of diagonals must be 
consistent with the biaxial strains, which leads to 
the lelationship 


where E is Young’s modulus, and /i is Poisson^s ra- 
tio. The yalue of /x can be found when £* and £ are 
experimentally determined. See Strkss and strain. 

[ W.J.KR.l 


Shear center 

The point in the plane through a section of a struc- 
tural member at which a shear force can be applied 
without producing a rate of twist of that section. 


The shear center of a section through a member 
such as an I beam that has two planes of symmetry 
coincides with the geometric center or centroid of 
the section. When such a member is loaded trans- 
versely it bends without twisting. However, if the 
structural member is unsymmetrical or has but one 
plane of svmmetry and is loaded elsewhere than 
through that plane, as in an open section made of 
thin material for resisting bending in aircraft con- 
struction, the load force and the reaction force ol 
the structural member constitute a couple that, in 
general, causes the member to twist. The load can 
be applied through a unique point in the plane ol 
the section such that the moments in the plane of 
the section are balanced and t}ie beam is not 
twisted. This unique point is called the shear cen- 
ter. 


load 



Three conditions of channel section under load (a) 
Channel resists bending when load is along axis of 
symmetry (b) Channel bends even with load through 
centroid if load is ^t along axis of symmetry, (d 
Channel resists benenng when load is through shear 
center. 

Txicdtion of the shear center for a section de 
pends only on the section dimensions. The membei 
is only subject to twisting when subiected to shear, 
shear center is of no significanc'e for a beam in 
pure bending. .SVe B^AM; Loading, transvfrsi : 
Shear. f w.j kr ] 

Bibliography: 1). J. Peery. Aircraft Struftiires, 
1950. 

Sheep 

The sheep-production branch of animal husbandrv 
involves breeding, feeding, and management foi 
commercial purposes (see Table 1 and Fig. 1 ). 

Domestication of sheep began about 6000 R.r 
in Asia Minor. Domestic sheep (Table 2) de- 
scended from the Asiatic moufflon. Oris onentahs. 
the European moufflon, O. musimon, and the Asiatic 
urial, 0. tdgnei (Fig. 2). Although sheep breeds 
are found throughout the world, they predominate 
in the marginal, sparsely settled, temperate areas 
of the Western Hemisphere. 

Successful breeding of sheep requires knowledge 
of their physiology of reproduction which varie** 
with breed and type, systems and standards of *9^ 
lection for genetic improvement, and systematic 
flock management. See Breeding (animal). 

Physiology of roproductkMia This aspect of sheep 
husbandry pertains to the phenomena associated 
with the reproductive cycle. Ewes are usually 'bred 
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Fiq 1 Average number of sheep and lambs (1947- theses (From Livestock and Meat Statistics, USDA Sfo- 

1956) on farms in the United States by regions. States tist Bull 230, July, 1958) 

having more than 1,000«000 head indicated in paren- 


to iamb at 2 years of age. Ewe lambs benefiting 
from optimum conditions can be bred as lambs, 
but a low lamb crop will usually result Such ewes 
are tempoiarily stunted, but they are comparatively 
more productive on a lifetime basis. Wool produc- 
tion IS not affected. 

(testation periods vary in number of days with 
breeds and types. Breed averages are: fine wools, 
148 152 days; medium wools, 144-148 days; long 
'vools, 146-149 days. Individuals within breeds also 

vdiy. 

Rsirus in ewes is difficult to detect visually. It, 
lasts from 1 to 3 davs. Ovulation occurs toward 
the end of the heat period. The estrous cycle aver- 
ages 17 days. 

Ml breeds, with the exception of the Rambouil- 
let, Merino, and Dorset, have a definite breeding 
''eason. Medium-wool breeds, long-wool breeds, and 
crossbred types start exhibiting estnis in August. 
Their normal breeding season lasts through De- 
cember Attempts to induce estnis by hormones for 
extraseasonal breeding have been unsuccessful. 
Because Rambouillet, Merino, and Dorset ewes 
J'etne into heat throughout the year, nonseasonal 
lambs can be produced. 

^>fowthy ram lambs arc fertile at 6-7 months of 
He Sperm motility and concentration are about 
Bte same in the semen of lambs and mature rams. 


Rams breed throughout the year Range operators 
use three yearling or older rams per 100 ewes Un- 
der tne same conditions, five lani lambs may be 
used. 

In pasture- or hand-mating, a ram lamb cun serve 
up to 30 ewes, or an adult can serve 50-60 ewes 
without endangering fertility Where single rams 
are used for matings, assurance of a lamb crop is 
gained by replacing the first ram with a second 
after the first or second estrous cycle. 

Genetic improvement by selection. Selection of 
lambs on the basis of production Is replacing em- 
pirical methods. Records of economic factors are 
utilized for selection and culling. These factors are 
sometimes combined into a selection index In the 
more complex fine-wool and dual-purpose breeds, 
economic factors include fleece production as 
measured by staple length and fleece weight; wean- 

JeMef 1. Number end velue of sheep end lembe 
on fbrms in the United States on Jenuery 1, 1988 


Period 

No of head, 

X 1000 

Farm value, 

X 91000 

1947-1956 (average) 

52,134 

$SAS,S25 

1957 

30,840 

461,361 

1958 

31,328 

601.929 


■ounce LivetMt end Mnd SBnlutws USDA StaUtt Bull 3S0, 
July. 19$8 



246 ShMp 


Tabl« 2. Prominent broods of sheep in the Unitsd States classified according to grade of wool 


Fine wcKil 

Medium 

WCXll 

Ciossbred 

wool 

l«ng 

WCXll 

Cat pet 

WCXll 

h’ur 

Merino 

Cheviot 

Columbia 

Cotswold 

Kaiakul 

Kaiakul 

Ramliouiilet 

Doiset 

1 larnpshire 

Oxford 

Shropshiie 

Southdown 

Suffolk 

Cornedale 

Panama 

Homeldale 

Targhee 

fane oln 
Romney 

Navajo 

lamb 


ing weight, adjusted for type of birth, inbreeding, 
and age of dam, and such related factors as face 
covering, smoothness in body and neck, t>pe, and 
condition 

Kam progeny performance-testing provides an 
additional source of production tested sires In 
Texas, where this program has been conducted 
since 1950 the average gain for Ramboiiillet ram 
lambs has increased from 0 37 to 0 60 lb per day, 
grease fleece weight from 13 8 to 19 5 lb per shear 
ing , and staple length from 3 34 to 4 20 in per 
fiber 

Flock fnanagoment. Breeding performance of 
ewes IS affec ted by flock management Bodv weight 
obesity nutrition, and age of dam are important 
factors Ewes that are heaviest as yeai lings main 
tain that standing thioughout their lifetime When 
c c»mpared with ewes of lighter bodv weight heavier 
ewes ha\e a higher conception rate have moie 
live Jambs born per ewes bred and wean more 
pounds of lamb Obese ewes do not follow this 
trend 

Ewes are kept more profitably at maintenance 
weight except just prior to breeding and partuii 


tion About 2 6 weeks prior to breeding, ewes may 
be conditioned, or flushed, by giving them a good 
feed supplement or by plac mg HJiem in a lush, un 
used pasture This stimulates a higher ovulation 
rate 

Age is a factor in breeding efficiency of ewes 
Older ewes are more prolific and breed more easily 
than vearlings Yearling ewes tend to produce sin 
gle lambs whereas older ewes have an increasing 
tendenev to twin 

Sheep nutrition. Under range ccmditions shc'ep 
depend primarily on range plants foi then siistp 
nance Sheepmen minimi/c feeding opetations but 
generally pif»vide supplements to oveicome ranj,* 
deficiencies (w Ni iriiion) 

In the intei mountain area sheep genet ally gra/c^ 
in the spiing and fall m home pastuies in the foot 
hills During the wiiite^r months when snow c ovet*^ 
the gfound feeding bpcomc»s necessaiv Where al 
falfu hay is abundant it may be the sole feed 4p 
proximatelv 6 weeks prior to lambing it is a good 
practice to feed a pelletc'd protein supplement in 
addition to hav This might consist of bailey oat*' 
dehydrated molasses beet pulp soy bean meal and 



Fig 2 Examples of prominent breeds of sheep (o) and ram (phofogroph by A L Henley) if) Columbia 

Rombouillet ram (Sheep and Goat Raiser) (b) Dorset ram (photograph by A Sponagel) (g) Lincoln 

ram (Continental Dorset Club) (c) Hampshire ram (Cook and Gormley) (h) Navafo ram (Southwadeff^ 

(d) Southdown ram (Southdown Assn ) (e) Suffolk ewe Range end Sheep Breeding Lab., Fort Wingate, ) 






Fig 3. Ram progeny groups on performance test at 
Texas Agricultural Experiment Station. 


iiKila'^ses. In parts of this area, thr ranges are de- 
fi( lenl in phosphnrub. The inclusion of monosoditim 
phosphate in the supplement in such deficient 
areas improves productivity in ewes in terms of 
wcijrht gains, wool yield, and lamb crop. 

In the Southwest, ranges are suhiect to periodic 
()i oughts and feeding is entirely different from that 
(if the intermountain region. Here a veiy lommon 
\eai-dronnd practice is to feed free (*hoice a 
salt and cottonseed meal mixture. Salt acts as 
.1 icgulatoi of feed intake. An abundance of water 
and d source of roughage are required for such a 
s>stem Water shemid lie at a sufficient distance 
from the feeders to require the ewes to travel back 
and forth, hence restricting intake and encourag- 
ing more efficient range utilization. This supple- 
ment ( an led thousands of sheep through one of the 
most disastrous droughts in the history of the South- 
west. The aveiage intake of pregnant lac taring ewes 
IS from 0.073 lb to 0.347 lb of cottonseed meal and 
00211b to 0.116 lb of salt. 

A urea-molasses liquid supplement self-fed to 
pregnant and lactating ewes compares favorably 
with cottonseed cake as a .supplement to drv range 
forage. This conbibts of a mixture of 88^ molasses, 
urea, and 2^ phosphoric acid, fish oil, and 
trace minerals. The protein equivalent of this mix* 
ture IS 30% . 

Other feed additives include such antibiotics as 
chlortetracycline and oxytetracycline. These arc 
fed in lamb fattening rations at the rate of 10 15 
wig^lb of feed. In wether lamb.s a hormone is often 
administered, this being done by implanting it be- 
tween the skin layers of the ear. Diethylstilbestrol 
pellets weighing 3-6 mg are recommended. No ill 
effects on carcass grades or secondary sex charac- 
teristics are noted with implants of such weight. 
These treatments produce faster feed lot gains and 
tmprove feed efficiency. When excessive estrogens 
are fed or administered, deleterious effects are ob- 
served. such as poor carcass quality, prolapse of 
rectum, and abnormal development of secondary 
^ characteristics (see Estrogen ) . 
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Economic results are obtained by feeding thera- 
peutic amounts of certain antibiotics to feed lot 
lambs [see Antibiotic). This economy is gained 
through the reduction of digestive disorders, such 
as diarrhea and enterotoxemia {see Enteric ba- 
cilli). Further, the antibiotic serves as a feed re- 
strictor so that lambs can be self-fed on complete 
rations. Rate of gain is improved as well as in- 
crease in feed efficiency. 

Tranquilizers have not been studied extensively 
as feed additive^ (see Tranoiiii i/kr). Increased 
daily gains of 12-17% bv feed lot lambs hove been 
reported from the use of hydroxv/ine. Texas work- 
ers fed this tranquilizei in a total mixed ration at 
levels of 1.5 g up to 25 g 'ton of mixed feed. Re- 
sponse was essentially the same for all levels. 

Pelleting complete diets or supplemental rations 
is advantageous if the costa are not exorbitant. 
Th€»se advantages inedude increased daily gain, in- 
creased intake of high-roughage feed, prevent ion 
of separation of feed ingredients, improved ,effi- 
ciemy, reduced storage space, reduced loss from 
storage and wind, and savings of time and labor in 
feeding operations However, operators report that 
up to 5% of feed lot 1am initially refuse pelleted 
feeds. The operator is requited to give special at- 
tention to these lambs 

Parasite control. Parasites, external and inter 
nal. find sheep highly satisfactory hosts. Correct 
and thorough use of insecticides and anthelmintics 
prevents serious economic losses in meat and wool 
(aCC InSFIIK IDI-). 

External parasites. These live in the suifacc lay- 
ers of the skin and in the wool fiber follicles. Dips, 
sprays, and smears are effective measures for pre- 
vention and cine. Such parasites include lice. Ro- 
vicuh avis; sheep hots. Oestrus ntis; screw worms, 
Calhtroga hominivorax; fleece worms, PhornUa 
regina, sheep keds, Melophagus ovinus; and scab 
mites, Psoroptes ovis (see Anoplura; Myiasis). 
There are others of lesser importance. Control 
measures for the'»e are shown in Table 3. 

Scab mites, keds, and lice spend iheii whole lives 
on sheep. Elimination must be thorough and must 
reach of the animals. 

Rots, screw worms, and fleece maggots are para- 
sites only during a part of their development. Here 
prophylactic measures for reducing fly strike may 
be faiily effective. Maggots of screw worms can- 
not enter the skin unless it is broken. Therefore, 
fresh cuts in animals should be prevented when- 
ever possible, or prompt treatment should be given. 

Internal parasites. These live within the body and 
orggns of animals. Thc/se of greatest significance 
are the eastern, or large, stomach worm, Haemon- 
chus contortus; the brown stomach worm, Oster- 
tagia circumrincta ; the thread-necked worm, 
Nemaiodirus spp.; the stomach hair worm, TricAo- 
strongylus axei; the nodular worm, Oesophagosto- 
mum columbianum; the hookworm, Bimostomum 
trigocephalum; the broad tapeworm, Moniegia 
spp.; and the fringed tapeworm, Thysanosoma ac- 
Hnaides (see Ckstooa; NematOda). 


Paratiite 


Treatment 


Hemarka 


Sheep and goat 
lice 


Sheep 
nose fly 

Screw wfirms 


Fleets* worms, 
W(K>1 maggots 
Sheep keds, 
ticks 

Scab mites and 
mange 


As u dip, use one of the following: (1) one lb derris 
or cube powder per 100 gal water; (2) 0.25% 
DDT, I’DR, inethoxychlor, loxaphene, or chlor- 
dane*; ^3) 0.03% gamma BUG, or lindane; (4) 
5.0% rotenone per 100 gal water 

As a smear, use pine tar repellent; irrigate nasal 
fmsaages with 1 fl ox of a 3% solution of saponated 
cTesol under 35 45 lb pressure 

As a smear, use KQ335 remedy diluted with 9 parts 
of water in infested area 

As a smear, use KQ3.35 as for screw worms; as a 
spray, use 0.5% toxaphene, or 0.5% chlordane* 

Same as for sheep and goat lice; as a dust, use 1 .5% 
dieldrin 

As a dip, (1) list* a 0.06% suspension of gamma 
BUG or lindane, preiiared with a wettable pow- 
der; or (2) list* either 1.5% (xilysulfides of lime- 
sulfur, or 0.05-0.07%, nicotine 


To use (2) as a spray, double the in- 
dicated concentration; to use (3) as a 
spray, double the indicated concentra- 
tion; do not use on animals under one 
month of age^ or on animals in poor 
rondilion 

To prevent infestation, smear nostrils 
at weekly intervals during fly season 

Active toxic agent in EQ335 is lindane, 
which should not be used on animals 
under 30 days of age 


Do not use (1) on animals under 30 
days of age, or on thin Hnimnls; tem- 
perature of dip (2) should lie 95-1 05°F 


* Chlordane accumulates in body fat: no more than four applications should lie made eac h season. 


Fortunately, the drug, phenothiaziiie, is effective 
for all these parasites except tapeworms. Sheep are 
highly tolerant of phenothiazine. Such other effec- 
tive agents as copper sulfate and nicotine sulfate 
(Cu-Nic), carbon tetrachloride, tetrachlorethylene. 
and hexachlorethane have a narrow margin of 
safety. 

Therapeutic dosages of phenothiazine consist of 

2.5 07 for sheep weighing more than 60 lb; only 

1.5 oz is required for those under that weight. 
Drenches are more commonly applied than boluses 
or capsules. 

Prophylactic quantities of phenothiazine can be 
ingested where a mixture of 9 parts salt and 1 part 
phenothiazine is kept free choice before range 
sheep or goats. This is not a substitute for drench- 
ing where the need is evident. 

Parasitologists generally concede that the broad 
tapeworms are not detrimental to sheep or goats 
(see P^RASiTOLOCrV). Lead arsenate is the pre- 
ferred treatment in doses of 0.5 g for animals 
weighing less than 60 lb and 1.0 g for those over 
that weight. Lead arsenate can be purchased in 
combination with phenothiazine. No effective treat- 
ment has been found for the fringed tapeworm 
(see Tapeworm). 

Sheep that are provided with adequate feed arc 
more resistant to worm infection than those in 
poorly nourished condition. Overstocking of 
ranges and pastures should be avoided. 

Judging. Fat lambs and breeding sheep comprise 
the two general judging classifications. Fat lambs 
are judged as slaughter animals; breeding sheep 
are judged as perpetuating stock. In each classi- 
fication, judging is based on over-all phenotypic 
(physical) merit, in which differences among the 
sheep undei consideration are rationalized and 
systematically arrayed according to accepted 


standards of excellence (see GfNfiirs). Sex and 
breed characteristics are described in literature 
published by the various breed associations, ear h ^ 
association setting for its specific breed the at 
cepted standards of excellence for conformation 
and fleece. 

Fat lambs, Thesq^are judged on the basis of con- 
formation. finish, and quality. In < onformation. 
they should be rectangular, moderately low-set. 
and blocky. The well-balanced body should be deep 
and uniform in width; ribs well-sprung, clo^e to- 
gether, and long; loin thick and broad; back 
strong and straight; hips and shoulders smooth; 
rump long, level, wide, and square to the dock, 
twist deep and plump; leg large, meaty, and thick, 
neck short and thick ; and shoulder smooth on top 

Finish gives a thick and plump condition. Cover 
ing should be uniform and firm over loin, back, 
ribs, and shoulders. A full dock, plump neck, and 
shoulder vein indicate fatness. The lamb must be 
handled in determining true finish and conforma- 
tion, since elaborate dressing of the fleece for show 
purposes can be visually deceiving. 

Quality concerns refinement of head and bone 
structure, and freedom from body folds. Refine- 
ment does not sacrifice size and growthiness. Qual- 
ity is a major factor in dressing percentage; hence, 
ample finish, light pelt, freedom from paunchiness, 
and a trim, straight underline are desired. 

Breeding sheep. These arc generally shown in 
full fleece, and therefore require careful handling 
to determine body width, depth, and smoothness. 
Breed characteristics become important factors, 
and breeding sheep may be classified according to 
wool type: medium wool, medium wool dual-puf- 
pose, and fine wool. Rams should be rugged with 
strong bones, and ewes more refined than rams, 
showing femininity about the neck and head. 







Fig. 4. Fat lambs are judged as slaughtei animals. 


Body conformation among most of the medium- 
wool breeds is similar, with emphasis placed on 
width and depth, compactness, low-setness, size of 
leg, and strength of back. Uniformity of width, 
depth of body, and balance are important in both 
ewes and rams. Depth of body is measured from 
baik to belly. Degree of low-setness and compact- 
ness should nut be carried to excess. Size and rug- 
gediiess are desirable. 

Constitution implies hardiness or ability of 
sheep to thrive under adverse conditions. It is gen- 
erally agieed that hardiness is indicated by 
stiength and straightness of legs, fullness of heart 
giith. width of chest, roominess of middle, full 
an h of rib, and strength of head. 

(,)uality in medium-wool breeds is denoted by re- 
fincnient of head and bone, pinkness of skin, and 
desirable fleece. Fleeces of the medium-wool 
bleeds varv in importance according to association 
n*gijlations. In general, however, heavy emphasis is 
[dated upon conformation. Factors such as maloc- 
< liisjon and wool-blindness are serious defects. 
('r\ptouhidism is intolerable. 

For the medium-wool dual-purpose types, about 
of the emphasis is placed on conformation 
and on wool. The fleece is of significant im- 
portance, and should be staple in length, free from 
black fiber, dense, and tight. Grade of wool varies 
^ith the breed. Breechiness, excessive variation in 
fillet diameter, and medullation are discriminated 
against. 

In judging fine-wool breeds, emphasis is stjM 
placed upon conformation, but the fleece is much 
more important than with medium-wool breeds, 
^bout 50^0% of the income from fine- wool sheep 
»s derived from lambs, with the remaining 40-50% 
bom wool. 

length of staple is the most important single 
♦actor of the various physical properties of the 
^ool. For a 12-month growth, at least 2,5 in. is ex- 
peited. Uniformity of length is important. Density 

fleece is an indicator of light-shrinking wool and 
heavy fleece weight. An open fleece is undesirable, 
is indicated by loose, ropy locks and large, ex- 
posed areas in the flanks and armpits. 

Purity is extremely important, meaning that the 
o€‘ece should have no dark or black spots or single. 
P*Kmented fibers. The fleece itself should be bright 
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and should display a distinct and uniform crimp. 
Belly wool should be den.se and not carry high into 
the side wool. 

The fine-wool sheep breeder compromises be- 
tween mutton and wool production. He tends to de- 
mand open-faced sheep and does not tolerate body 
and neck folds, malocclusion, or weak pasterns. 
See Fiber, natural; Coat; Mohair; Wool. 

Lt.d.w.1 

Bibliography: See Agricultural science (ani- 
mal). 

Sheepshead 

An American fie^h- water fish, Aplodinotus grua- 
niens, of the family Sciaenidae. The sheepshead, 
or fresh-water drum, is also known as the white 
perch, especially in the middle Mississippi Valley; 
in liOuisiana, it is called the gaspergou. It has per- 
haps the widest natural range of any American 
fresh- water fish, being found from Guatemala 
northward into the Hudson Ba> drainage. It attains 
considerable size, formerly 100 Ib or more* but 
most sheepshead now caught weigh under 10 lb. It 
is a solid, silvery fish, with a short, square tail and 
a long, low dorsal fin. 

The sheepshead is a good food fish in most wa- 
ters, although in some localities, at least season- 
ally, it is not considered desirable. It is found in 
great abundance in certain waters, notably Lake 
Eiie and Lake Winnebago in Wisconsin. Like 
others of the croaker family, it produces a distinct 
purring croak, clearly audible under water. Its 
otoliths are frequently carried as lucky stones. 
See Perch; Perctformes. [j.d.b.] 

Sheet metal forming 

The shaping of metal that is initially in thin sheets 
bv applying lot*al pressure. Sheet metal parts (in- 
cluding strip, plate, and tubing) are fabricated by 
a variety of processes, the nomenclature of which 
is not standardized. Many of the processes are so 
interrelated that classification into ma|or groups is 
difficult; consequently, the major classes consid- 
ered herein (bending, deep drawing, shearing, spin- 
ning, and squeezing) are purely arbitrary. With 
few exceptions (such as forming brittle metals or 
thick plate) the operations are performed at room 
temperature. 

Bmding. The curving of sheet, strip, or sections 
to produce a permanent deformation is considered 
a bending operation. Strictly speaking, bending 
refers to a curving process whereby the outer fibers 
ai;e lengthened while the inner fibers are com- 
pressed or shortened. If the curving leaves the outer 
fibers essentially unstressed while the inner fibers 
are compressed, the process is shrinking; and if 
both the outer and inner fibers are stretched* but 
not to the same degree, the process is stretching. 
Any of the three methods can be used to produce 
a bend. 

The minimum bend radius to which a sheet can 
be bent is limited by cracking in the bend or at 
the edges of the bend. For a specific material, no 
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definite value of minimum bend radius may be spec- 
ified since the width of the bend, the edge condi- 
tions, and the method of accomplishing the bend 
(which influences friction forces) have a significant 
effect. The type of metal and the degree of prior 
strain hardening also affect the minimum bend ra- 
dius because the unit strain in the outer fibers in- 
creases as the bend radius decreases. 

If a part is bent in one direction only, the radius 
of curvature will increase upon release of the bend- 
ing forces because of elastic recovery of the mate- 
rial. Accurate determination of this springback 
must be made by experiment; values determined by 
mathematical analysis are usually lower than those 
encountered in practice, particularly for sharp 
bends. Girrection for springback is usually made 
by overhending so that, on release of the forming 
force, the metal returns to the desiied shape. 

The equipment used for bending depends upon 
the nature of the bend and the shape of the sec- 
tion being bent. Some parts are bent along straight 
lines and others along curves; all the bends may 
be in the same direction or they mav be in differ- 
ent directions. The quantity of parts to be produced 
is an important factor, in some instances, in the se- 
lection of the optimum equipment. Thus, different 
types of bending equipment are required. 

For forming long sections in large quantities, 
roll forming is the most econ(»mical method A toll 
forming machine consists of numerous small power 
driven rolling mills mounted on a frame Each suc- 
cessive roll bends the strip a little farther than the 
preceding roll; the number of stations, oi passes, 
and the design of the roll profiles depend upon the 
shape of the final cross section desired. In draw- 
bench forming the rolls are not power driven, but 
the strip m pulled through the rolls. 

Parts containing straight bends are formed on 
mechanical presses using special purpose dies (die 
bending) if quantities are large, or on press brakes 
using general purpose dies if small (fuantities of 
large, extended parts are to be produced. Press 
formed parts are often called stampings. 

The aircraft industry uses the (»uerin process ex- 
tensively to form parts with straight and cuived 
flanges. In this process, the upper platen of a hv- 
draulic press is equipped with a contained, thick 
rubber pad, which acts piimarily as the female die. 
Various metallic, or even nonmetallic, materials are 
used for the male die, or formblock. Usually sev- 
eral different formblucks are placed on a table act- 
ing as the lower platen of the press; thus, several 
different parts are formed simultaneously with low 
tooling costs. 

A modification of this process, called the Wheelon 
process, allows higher pressures than are possible 
by the tubber pad forming method. In the Wheelon 
process, a rubber bag (or fluid cell) replaces the 
rubber pad in the iipper platen of the press. By in- 
flating the bag with hydraulic fluid, a rubber throw 
pad in contact with the blank transmits the pres- 
sure and forces the blank to bend over the form- 
block. In both processes, there is no control ovei 


the movement of the blank during the early stages 
of the forming, and wrinkling may occur in certain 
shrinking opeiations. 

Roll bending, which is confined to bends of large 
radius is accomplished by three parallel rolls, one 
of which has a movable axis. The movable roll may 
be replaced with a cam, a roller, or a forming 
block. 

Wiper-type bending is a method in which the 
stock is forced to assume the curvature of a form- 
block by pressing it progressively against the block 
with a roll, slide block, or a wiping block. This 
method permits control of the cross section of the 
piece being formed, as is necessary in bending tub- 
ing without its flattening at the bend. It also allows 
forming to smaller bend radii because controlled 
compressive stresses in the outer fibers permit 
greater plastic deformation (material can be ex 
tended a greater amount if it is simultaneously com- 
pressed in a lateral direction) . 

Stretch forming or wrap forming equipment su- 
perimposes longitudinal tension on the bending mo 
ment. This is achieved by mechanical or hvdraulic 
means and causes tensile stresses of different mag 
nitude in both the outer and inner portions of 
the bend. Because of the absence of compressive 
stresses in the inner fibers, springback and wrin 
kling are minimized, but the metal does become 
thinner. Stretch fotiiiing may be combined with wip 
ing to obtain some of the advantages of eac h 



Fig. 1. Three phoses of cupping. 


Deep drawing. The press forming of cup- or 
box-shaped parts from sheet metal by controlled 
plastic flow is termed deep drawing or shell draw- 
ing. The first operation is cupping; it consists of 
forcing a properly shaped blank through a die as 
shown in Fig. 1. The part need not be forced all 
the way through the die, in which case a flanged 
(tip can be produced. The hold-down (blank holder 
or pressure plate) is required on relatively thin 
bhcets to prevent wrinkling (or buckling), which 
lends to occur because of circumferential btrcsses 
that are present during the drawing operation. The 
hold-down pressure may be exerted by springs or 
hvdraulic or air pressure. Excessive pressure is not 
desirable as the increased frictional forces would 
limit the severity of the draw (ratio of depth of 
cup to diameter of cup, or percentage reduction 
from diameter of blank to diameter of cup). Lubri- 
( dtion. die finish, die radius, punch radius, and the 
properties of the metal being drawn are also fac- 
tors which affect the maximum severity of draw 
(i^huh rnav be as high as ). 

If deep parts, stepped parts, cups and boxes with 
tcicsscd bottoms, conical or hemispherical shapes 
arc required, one or more redrawing operations are 
needed (Fig. 2). Depending upon the properties of 
ihe rnetdl and the severity of diaw in each opera- 
tion. interstage annealing mav be required to re- 
-store diKtility to the metal If a tapered wall thick- 




reverse redrew 

2. Types of redrawing operotions. 
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Fig. 3. ironing produces a wall of varying thickness. 

ness or a thin wall and thick bottom are desired, 
an operation known as honing is used (Fig. 3). In 
ironing, the inside diameter remains constant and 
the clearance between punch and die is less than 
the desired thickness of the cup. Consequently, 
as the cup is forced through the die, the wall is 
thinned or ironed, resulting in an extension of the 
cup. By tapering the punch, a tapered wall is ob- 
tained, such as is required in cartridge cases. 

Bulging out the parallel walls of a deep-drawn 
cup into a more complex shape may be accom- 
plished by pressing a rubber punch into the epp or 
by forcing a fluid under pressure into the cup, 
thereby causing the cup to assume the shape of a 
surrounding die 

The Guerin process can also be used to form 
shallow cups. A modification of this process (known 
as the Marfoim or Hidraw process) uses a rubber 
pad for the female die, a solid punch, and a solid 
blank holder (Fig. 4a). The blank holder and 
punch are independently actuated by hydraulic 
pressuie. Higher pressures are obtained than those 
in the (Tiierin process, permitting deeper draws 
without W7 inkling. Another modification (termed 
the Hvdroforin and Corform processes) uses an oil- 
backed rubber diaphragm, a solid punch and a solid 
blank holder (Fig. 46). The pressure of the oil can 
be %aried and acts as the top blank holder as well 
as d variable pressure female die. The blank holder 
IS stationary, being mounted on the press base. In 
another fl(*xible die method (the Hydrodynamic 
process) the female die is a machined metal die, 
and water pressure forces the blank into the die 
cavity (Fig. 4rl. High pressure water passes 
through a hole in a spring-actuated solid piessure 
pad and acts as a fluid punch of continually chang- 
ing shape on the underside of the blank. Explosive 
forming is also a flexible punch process. Sheet 
metal is forced into an open female die by a shaped 
charge or by transmitting the explosive force 
through water. In all these processes the stresses 
are more uniform than those in conventional draw- 
ing; this uniformity permits deeper draws and more 
complex shapes. 

Deep drawn parts may be formed on drop ham- 
mers (see Forcing) or by stretch forming. In the 
latter process, the die and hold-down of conven- 
tional press forming equipment are replaced by 
two plane surfaced, straight edge jaws. ITie stretch 
die is then forced against the clamped blank, 
stretching the metal and causing it to assume the 
contour of the stretch die. 

Another cupping technique uses the frictional 
forces developed between theT blank and the die and 
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(a) 




Fig. 4. High pressure flexible die processes, (a) Rub- 
ber pad. (b) Oil backed diaphragm, (c) Flexible punch. 


the hold-down. By inserting a hard rubber ring be- 
tween the blank and the hold-down, the direction of 
friction forre.s changes to coincide with the direc- 
tion of metal flow. The metal can then be forced 
into the die without the aid of a punch, although 
a supplementary punch improves the quality of the 
part and facilitates the action of the friction ele- 
ment. In operation, pressure is applied to the die 
and transmitted through the blank to the rubber 
ring, compressing the latter and forcing it to move 
in the direction of least resistance toward the die 
cavity. The metal also moves toward the die cavity 
if the frictional forces between the rubber and the 
blank are large enough. Lubrication is important in 
this process because frictional forces between the 
blank and die, and between the rubber ring and 
blank-holder, must be minimized. 


Spinning. Parts of more or less rotational sym- 
metry can be formed by the spinning process. The 
basic process consists of rapidly rotating a form 
block, against which a circular metal blank is rig- 
idly held. The blank is progressively pressed around 
the block by a bar or roller type tool (Fig. 5). 
The process can be carried out on an ordinary 
(but rigid) lathe or on special purpose spinning or 
rolling machines. Spun parts are commercially 
competitive with die formed parts, particularly for 
small quantities, large sizes, and complex contours. 
Tubing and tubular parts can be spun to expand or 
reduce the diameter, generally at the end of the 
part. 

In ordinary spinning any chal^ge in thickness of 
the metal as a result of the spinning operation is 
unintentional ; however, depending upon the shape 
of the part and pressures exerted by the spinning 
tool, thinning or thickening of the metal may oc- 
cur. A modification of spinning combines features 
of spinning with those of rolling and in some cases, 
extrusion. It is a roll forming operation for making 
conical, tubular, or curvilinear surfaces of revolu- 
tion. In cold power spinning (also called Hydro«»pin 
or Floturning), a thick blank (disk, tube, or other 
shape) is cold-rolled under high pressure against 
a rotating mandrel, and the metal is, in effect, ex- 
truded in an axial direction. High strength. <'Iosp^ 
tolerances, and excellent surface finish are obtained 
bv this process. 

Squeezing. A variety of press forming opera- 
tions involve squeezing or compressing the metal to 
[iroduce small over-all deformation but, generallv. 
rather high local deformation. These operations are 
termed stamping; however, stamping in a moie 
general sense includes all press forming of sheet 
metal parts. 

Common operations of this type are sizing, com- 
ing, swaging, and embossing. The first three proc 
esses are basically cold die forging operations in 
which the metal is confined and made to flow plas 


intermediate 



Fig. 5. Spinning procost. 
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tically into the punch or die impressions, or both. 
Sizing is an operation in which the part (previously 
formed to almost finished shape) is pressed be- 
tween male and female dies to improve its dimen- 
sional accuracy. In coining operations a pattern is 
|)ressed into one or both surfaces of the metal (as it 
is in a coin), to change the thickness of the piece 
at many points. Swaging is used extensively to dis- 
place metal around a hole, thereby increasing the 
local thickness of thin sheet for subsequent thread- 
ing operations. Embossing is a form of shallow 
drawing nr bending in which a pattern or recess is 
pressed into one surface of the metal and the re- 
verse side assumes a negative configuration. The 
metal thickness remains essentially the same at all 
points. 

Shearing. Shearing ih an operation which in- 
volves a complete separation of the metal along 
one or several planes. The shearing tool operates 
much like a pair of scisbors. Although shearing 
processes differ in detail, the mechanism of shear- 
ing is basically the same: two square sliding edges 
deform the metal severely along a narrow line; 
fractuie begins at each surface and progresses 
through the cross section, the fracture surfaces 
meeting if clearance between shearing edges is 
(oiiect. To obtain a clean cut the shearing tool 
should have small clearance and sharp edges, and 
the metal should be brittle. To reduce the total 
shearing force, the tools are designed so that de- 
formation and fracture occur only over a short 
Ungth of the metal at any one lime. This is ac- 
complished by cutting an angle on the face of the 
punch (called the angle of shear) or on the die. 

If the shape which is sheared from the sheer is 
rc'tained, and the remainder discarded, the opera- 
tion is blanking. As it is usually desirable that the 
liiank remain flat, the angle of shear is on the die. 
and the end of the punch is flat. On the othei hand, 
if the sheared shape is the scrap and the hole is the 
objective of the operation, the process is piercing, 
punching, or perforating (the latter term generally 
referring to a large number of holes) . In these proc- 
c*»ses, the shear angle is on the surface of the punch 
and the die surface is flat. In a parting operation 
neither piece is scrapped and no shear angle can 
be used. ^ » 

If the metal is not entirely separated, the opera- 
tion is one of slitting. Notching is the cutting of 
indentations in the edges of the sheet. Trimming is 
usually the final shearing operation which cuts an 
article to finished dimensions. The trimming of 
heavy blanks to obtain smooth, square edges is 
shaving. 5ec Metal forming. rR.L.F.l 

Bibliography: E. V. Crane, Plastic Working of 
Metals and N on-metallic Materuds in Presses, 3d 
®d., 1944; V. N. Krivobok, G. Sachs, et al.. Forming 
Austenitic Chrofnium*Nickel Stainless SteelSf 
2d ed., 1954; G. Sachs, Principles and Methods of 
Sheet-metal Fabrication, 1951 ; G. Sachs and K, R. 
Van Horn, Practical Metallurgy, 1940. 


Shellac 

The name applied to the lac resin (secreted by the 
lac insect) when used in flake (or shell) form. 
Shellac varnish is a solution of shellac in denatured 
alcohol. 

Shellac varnish is widely used in wood finishing 
where a fast-drying, light-colored, hard finish is 
desired. Shellac varnish is not water-resistant and 
is not suitable for exterior coatings, but is widely 
used for finishing floors and for sealing materials 
(for example, asphalt, coal tar, oil stains, and res- 
inous knots) which are soluble in mineral spirits 
but not ill alcohol. 

Natural shellac has a brown color and is often 
leferrcd to as orange shellac. Bleaching with chlo- 
rine produces bleached or white shellac. Bleached 
shellac is slightly less durable and hard than orange 
shellac but is lighter in color. 

Shellac consists of a number of acids and esters 
and about 3% shellac wax, which is removed to 
make dewaxed shellac. Shellac varnishes are usu- 
ally sold on the basis oi the number of pounds of 
shellac di«-so]ved in a gallon of alcohol, as 3-, 4-, 
or 5-lb cuts. Shellac varnish should be fleshly pre- 
pared, because it deterioiates on aging. 

In addition to floor and furniture finishing, which 
consume the largest quantities of shellac varnishes, 
there are other uses such as the modification of 
lacquers and inks. Water-thinned products may be 
made from alkaline solutions of shellac. Shellac is 
an important ingredient in a number ot antifouling 
paints, where it helps to regulate the decomposition 
of the film to make fresh toxic material available 
at the coating surface. See Hlmiptkra; Surfacf 
COATING. [F.SD.J 

Shielding, electrical 

A means of avoiding pickup of undesired signals 
or noise, suppressing radiation of undesired sig- 
nals, and confining wanted signals to desired paths 
or regions These shielding objectives cannot be 
realized without some degree of modification of 
the eler trie and magnetic fields involved, although 
the e?fe<*ts of these modifications may not seriously 
interfere with wanted objectives. 

A change in an electric field gives rise to mag- 
netic effects, similarly, a change in a magnetic 
field gives rise to electric effects. As a result, 
electromagnetic shielding is more commonly en- 
countered than either electrostatic shielding or 
magnetostatic shielding. 

«A shield is a sheet, tube, screen, grid, or other 
object, usually of conducting material. Sometimes 
a shield is magnetic, or both magnetic and con- 
ducting. or even laminated. Fields may be largely 
confined to or suppressed from a specified region 
by shields. 

The ratio of the unwanted signal in a communi- 
cation circuit when the source of shielding is 
present to the same signal when the diielding is 
absent is emailed the shield factor. 
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Electrostatic shielding. Virtually complete 
shielding from external electrostatic fields is ob- 
tained by totally enclosing the space to be shielded 
with a highly conducting surface, usually grounded. 
Conversely, no change in electrostatic conditions 
within the shield can appreciably influence the 
state of conductors, circuits, or fields external to 
the shield. In effect, a highly conducting shield 
substantially terminates electrostatic fields from 
either within or without. 

Magnetostatic shielding. Substantially com- 
plete shielding from an external and virtually 
constant magnetic field is obtained by shunting 
the flux around the space to he shielded through 
a low-reluctance path. Conversely, a constant mag- 
netic field enclosed by the shield is largely con- 
stiained from reaching the region outside the 
shield. Ideally, the shield should present a com- 
plete magnetic path to the flux; that is, the space 
to be shielded should be surrounded by a ferromag- 
netic material, preferably of high permeability 
The shield factor may be reduced by increasing the 
thickness of the shield, bv increasing its permeabil- 
ity, or by using several nested shields. Relatively 
thick, single-layer shields are not economical. 

Electromagnetic shielding. The magnetostatic 
shielding such as that described above is likewise 
effective when the magnetic field is changing with 
time. \ coil, for example, might be surrounded by a 
shield of this t\pe. Such a shield would increase 
the inductance of the coil, illustrating that effec- 
tive shielding necessarilv modifies the fields. This 
kind of magnetic shielding is necessary for shield- 
ing constant or slowly varying fields. 

A different yet highly effective method of realiz- 
ing electromagnetic shielding is by means of an 
electrostatic shield. For frequencies above the 
upper audio range, shield factors of the order of 
10 ^ are readily obtainable, as, for example, be- 
tween electric wave filters mounted in close prox- 
imity. Here the shield might be a closed box made 
of copper, about Mo in. thick. The main precau- 
tions arc good soldered joints and absence of small 
cracks. A magnetic field impinging upon the cop- 
per sptb up cddv currents, which oppose the pene- 
tration of the flux. The better the conductivity of 
the eddv-current paths, the more perfect the shield- 
ing action. In contrast to a magnetostatic shield, 
this tvpe of shield reduces the inductance of a 
shielded coil. 

In situations where space occupied by the shield 
is at a high premium, a laminated shield consisting 
of layers alternating between low-reluctance and 
high-conductance materials can be used. 

Substantial electrostatic shielding may be ob- 
tained without appreciable magnetic shielding by 
making the electrostatic shield nonmagnetic and 
shaped so that eddy-current paths are interrupted. 

Shielded wires and cables. The cable sheath, 
which encloses many communication lines within a 
telephone cable, constitutes one of the most strik- 
ing examples of electromagnetic shielding. The 
sheath is grounded at one or more points along its 


length. Even with high-resistance grounds, the 
cable conductors are well shielded from external 
fields. At higher carrier frequencies, the shielding 
is so effective that significant conductor noise does 
not appreciably exceed resistance noise. 

At moderately high frequencies, a coaxial line is 
an excellent example of a shielded wire, but at 
sufficiently low frequencies, the shielding effect is 
negligible. For this and other reasons, shielded 
twisted wires are preferred for transmitting tele- 
vision signals at video frequencies. At low fre- 
quencies, where a nonmagnetic shield is ineffective, 
transpositions act to attenuate noise, interference, 
and unwanted radiation. See Noise, electrical. 

rH.s.BL.l 

Shigella 

The dysentery bacilli, a genus of the family Entero- 
bacteriaceae (see Enti ROBACTfcRiAf fae). Member^ 
of the Shigellae are the causative agents of bacil- 
lary dysentery (see Bacillary DYStNrERY). The 
Shigellae are not motile and flagella are absent 
The microorganisms do not produce carbon dioxide 
from sugars. The methyl red test is positive, and 
the Voges-Proskauer test is negative (see IMViC 
rtsr). 

Approximately 30 varieties of Shigella ran he 
distinguished bv cultural and serological methods^ 
This is important for epidemiology and medic me 
Serological differentiation depends on somatic, or 
O, antigens (w Saimonlli k). The classification 
scheme of the Ent^robacteriaceae Subcommittee of 
the International Association of Microbiologists 
distinguishes the following four subgroups: A, Sh 
drsentenaes B, Sh flexneri; C, Sh boydii, D, Sh 
sonnet. 

Only ten varieties or types are found with fre 
quency. These are: Type A1 of subgroup A, corn 
monly known as Shiga’s bacillus; type A2, Shiga 
ambigua or Schmitz’ bacillus; seven types of sub 
group B known as Flexner’s bacillus; a single type 
of subgroup D km»wn as Sonne’s bacillus. In the 
United States and most of western Europe, onl) 
serotypes of group B and Sh, sonnei are of high 
incidence. 

Diarrhea] infection is also caused by Banllm 
(or Shigella) alkalescens and B, (or SA.) dispar 
These two bacteria are taxonomically intermediate 
between Shigella and Escherichia (see EscheR' 
ichia). See also Bacteriology, medical. w.l 

Bibliography, P. R. Edwards and W H. Ewing» 
Identification of Enterobacteriaceae, 1955; A. J« 
Weil and I. Saphra, Salmonellae and Shigellae. 
1953. 

Shiner 

Any of several small fishes, usually of the genus 
Notropis, family Cyprinidae. Shiners range fr®*® 
the Rocky Mountains eastward, and from Canada 
southward into Central America. There are about 
50 species of Notropis, most of which are under 
4 in. long, although a few species may reaqh a 
length of 6, or occasionally, 8 in. They usually arc 




The common shmer, Notropis cornutus; length to 8 in. 
(From E. L Palmer, Fieldbook of Natural History, Mc- 
Graw-Hill, 1949) 


the mobt common group present, and are the basic 
forage fish in most waters within their range. Al- 
though their diet and habits vary greatly, most of 
them eat plankton. 

They are called shiners because of their silvery 
sides, which are quite evident as they twist and 
turn while feeding, usual] y in schools. 

Some other small (]ypiinidae are called shiners, 
the best known being the relatively large golden 
shiner, Notemifionus rhrysoloucas This is a com- 
mon minnow, 8 9 in. in length. It is successfully 
(iiltiired as a bait fish See Cyprinii ormfs. | j d.b 1 

Ship, merchant 

\ power-driven vessel employed in commercial 
tiarispoit on the oceans and large bodies of inland 
watei sue h as the Great T akes The relatively small 
iiaft used for inland waterway transportation are 
not commonly referred to as ships For a descrip- 
tion of these, see Ini and waii-rways iransporta- 

IION 

The principal classes of merchant-ship trans- 
portation imliide genet al cat go, bulk dry or liquid 
tar go, and passengei. There may also be mail, ex- 
press, or other special classes, such as refrigerated 
largo Genet ally, cargo is transported for much 
less lost pel ton-mile by water than by rail, truck, 
U dll 

fieneral cargo includes miscellaneous goods 
pac ked in boxes, bales, crates, cases, bags, cartons, 
barrels, containers, or drums. It may also include 
lumber, motor vehicles, pipe, steel, and machinery. 
The vessels engaged primarily in the transporta- 
tion of general cargo are called freighters. 

Examples of bulk dry cargo are ore, coal, sugjiv, 
I ement. and grain. These items are poured or other- 
wise loaded into the ship^s cargo compartments 
Without being boxed, bagged, or hand stowed. This 
tiass of cargo mav also be transported in freight- 
However, vessels designed specifically for the 
«re or coal trade are referred to as ore carriers and 
* ulhers. 

The principal bulk liquid cargoes are petroleum 
dnd its by-products. Others include wine, fruit 
juices, and molten asphalt. These liquids are trans- 
ported in large tank spaces bounded by the vesseFs 
uiain «>tructural transverse and longitudinal bulk- 
beads, outside plating, and deck. Such vessels are 
<'alled tankers. 

A passenger ship, as defined by international 
^afet> of life at sea rules, is one that carries more 
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than 12 passengers on international voyages. Some 
passenger ships, such as those navigating solely 
on the Great Lakes, are excepted from these rules. 
Most seagoing passenger vessels transport con- 
siderable freight. Others, particularly fast lineis 
having large passenger capacity, may transport 
only express, mail, baggage, and passengers’ motor 
cars 

DESIGN CONSIDERATIONS 

With very few exceptions, merchant ships con- 
form to classification society rule*- Classification 
societies are civilian organizations in the principal 
maritime nations that issue rules for the construc- 
tion, equipping and maintenance of merchant ships. 
Compliance with their rules assures owners and in- 
surers of the vessel’s stiength and seaworthiness. 

Dimensions. The breadth of normal seagoing ves- 
sels is usually from 10 ft to 20 ft more than lO'^ of 
the length in feel between perpendiculars (LBP) ; 
for example, a 500- ft LBP ship might have (0.1 X 
500 ft) +20 ft = 70 ft breadth. The length be- 
tween perpendiculars, a classification society di- 
mension, is defined as approximately the distance 
troin the bow to the rudder, but not less than %% 
of the load waterline length (the immersed hull 
length when floating at the maximum permissible 
draft). The depth of seagoing merchant vessels 
ftom the keel to the strength deck (usually the 
uppermost continiioic deck) is rarely less than 
one-tourteenth of the LBP and for freighters and 
passenger vessels is commonly one-tenth to one- 
thirteenth For Great Lakes vessels, which operate 
under different conditions, the depth to LBP ratio 
ma> safely be about one-eighteenth The breadth 
IS also less than that of ocean vessels of the same 
length. For the same cargo capacity and speed, a 
relatively long, slender vessel such as is found on 
the Great I akes is more c ostly to construct, but re- 
quires slightly less propulsive power and in bad 
weather need not slow down as much as a shorter 
vessel to avoid damage. For additional information, 
see Ship dfsicn. 

The maximum permissible draft (submerged 
depOi of vessel) is limited by international load 
line regulations. The draft to which general freight 
and bulk cargo vessels may be loaded depends prin- 
cipally upon the ship’s depth below the freeboard 
deck, her length, and other factors including the 
length of superstructure (deck erections) such as 
a poop, bridge, forecastle, or shelter deck. In nor- 
mal full scantling (maximum strength) cargo ves- 
sels the freeboard deck is the uppermost deck that 
extends continuously all fore and aft. The fr^board 
deck of shelter deck freighters is the deck below 
the uppermost continuous deck. The maximum draft 
of typical full scantling 500-ft general cargo 
freighters and bulk carriers is approximately three- 
quarters of the depth from keel to the freeboard 
deck. For 250-ft vessels this ratio increases to 
nearly seven-eighths. The maximum draft of shelter 
deckers is greater in relation to the depth to the 
freeboard deck but is less in relation to the depth 
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to the uppermost continuous deck. The draft of 
tanker»i is slightly greater than that of correspond- 
ing full-scantling general cargo freighters. Safety 
regulations usually restrict the draft of passenger 
vessels to less than cargo vessel drafts. 

If the draft at the bow is greater than at the 
stem a vessel is said to trim by the bow (or bead). 
If greater at the stern she trims by the stern. When 
fully loaded with homogeneous cargo, fuel, and 
water (no water ballast), well-designed ships do 
not trim by the bow, but 2- or 3-ft trim by the stem 
is usually acceptable except in restricted depths of 
water. 

Bulkheads. Ships are divided into watertight 
compartments by transverse bulkheads (walls) to 
reduce the extent of sea-water flooding in case of 
damage and to stiffen the hull structure. A normal 
250-ft general-cargo freighter has not less than 
four such bulkheads and if SOO ft Umg, eight bulk- 
heads are typical Passenger vessels usually have 
more bulkheads, as required hv the international 
safety regulations. With the exception of bulk-liq- 
uid-cargo vessels, an inner bottom is fitted between 
the peak (endmost) bulkheads An inner bottom is 
horirontdl plating, u*^uallv from 3 to .S ft above the 
keel, extending from side to side of the ship. It 
provides tank space below for fuel 4ul. fresh water, 
and sea-water ballast, and also minimizes chances 
of serious sea-water flooding in case of minor bot- 
tom damage, which may happen, for example, in 
grounding. 

Stability. Both the breadth and depth affect trans- 
verse stability against capsizing, so, in ship design, 
the one must be adjusted in relation to the other. 
An unusually deep ship must also be unusually 
broad Very little stability is risky and too much 
results in objec'tionable violent rolling in heavy 
weather. 

As fuel and fresh water are consumed en route, 
the reduction in weight aboard at low levels in the 
hull leduces stability, possibly risking capsizing if 
the ship is damaged bv collision In the case of 
passenger vessels particularly, sea-water ballast 


may be pumped aboard to replace this reduced 
weight, preferably into low-level compartments not 
ordinarily used for fuel oil. 

Speed factors. Speed in knots is the vdocity in 
nautical miles (6076.1 ft) per hour. The underwa- 
ter shape of slow seagoing vessels (those in which 
the spe^ in knots is equal to 50* 60% of the square 
root of the waterline length in feet) has about 
30% of underwater parallel body (no change in 
shape) and rather bluff forward and after bodies 
High-speed vessels (those in which the speed in 
knots exceeds the square root of the waterline 
length in feet) have no parallel underwater body 
and both ends are quite fine, the forebody water- 
lines being straight or even hollowed near the bow 

The increased construction cost of weight saving 
aluminum alloy in a high-speed vessel’s structure, 
furniture, and equipment is often more than justi- 
fied by the resultant reduction in horsepower and 
fuel consumption. The situation pyramids as a re 
duction in propulsion machinery weight and re 
diiced fuel weight aboard further reduces the dis 
placement 

The outstanding modern high-speed liner is the 
990 ft over-all length, qiiadruple-sciew, 2000-pas. 
senger American ship SS United States (Fig 1) 
During several days of her tians Atlantic maiden 
voyage she averaged over 36 knots, an iinprece^ 
dented merchant-ship speed. 

Propulsion. Cargo vessels rarely exceed about 
23,000 shaft horsepower (shp) and one propeller 
is usual. Highcr-jlowered vessels mav have two or 
four propellers. Three aie possible but unusual 
Steamships of less than about 3000 shp normally 
haye reciprocating steam engines but for higher 
powers, steam turbines are used. Diesel engines up 
to 13,000 brake horsepower per engine are also in 
wide use, particularly in foreign-built ships Nu- 
clear power, gas turbines, free piston engines, and 
other power units are also used to propel merchant 
ships. Sails are almost extinct. 

High-revolution propellers are inefficient. There- 
fore, if the power plant operates at high revolutions 



Fig. 1 . SS Unffed States. (Morin9rs Muteum, Newport Nows, Virginia) 



per minute (rpm), it either drives the propeller 
shaft through reduction gears, or powers a direct- 
drive high-rpm electric generator. This, in turn, 
drives the propeller shaft through a low rpm rever- 
sible rotation electric motor. 

The propulsion machinerv of most passenger ves- 
sels and general cargo freighters is located between 
amidships (midlength of the LBP) and about three- 
fourths of the LBP from the bow. A four- or six- 
hold general cargo freighter nnrmallv has two or 
thiee holds forward of and two or three holds abaft 
(sternward from) the machinery space. A five-hold 
fieighter usually has three holds forward of and 
two holds abaft the machinerv. The shaft tunnel 
and shape of holds near the stern, however, make 
general cargo stowage difficult. Theie is a trend to- 
waid locating the machinery and the deck houses 
above it further aft. See Marinf machinfry; Pro- 
pht.fr, marinf; Ship propulsion. 

Size-speed relationship. Other factors being 
equal, a laige, fully loaded cargo vessel (general or 
bulk cargo) will transport cargo at less cost per 
ton mile than a small, fully loaded vessel. However, 
d fiilK loaded moderate capacity cargo vessel will 
transport cargo at less over-all cost per ton-mile 
tlian the same quantity of cargo in a partially 
loaded mu(h larger vessel of the same type 

Deadweight is the weight of cargo, fuel, fresh wa- 
ter, stores, passengers, crew, and baggage aboard 
a ship, Cfcneral-cargo tiansoceanic freighteis rarely 
have over 15.000 long tons deadweight capacit\. and 
freighters of 8000 to 11,000 tons capacity predomi- 
nate In ship design and operation the long ton, 
2240 lb, is used. Larger vessels would have less 
fieqiient sailings for a given annual cargo and of- 
ten theie is not enough cargo to load fully even an 
BOOO-ton deadweight ship of this type. Tankers and 
bulk cargo vessels over 100,000 long tons dead- 
weight rapacity are in ocean service, but tankers 
in the 20.000 40,000-ton class are most common. 

High speed is an important advantage in war 
time, and in peace time it attracts the patronage of 
both passengers and cargo shippers. If two ships 
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of the same cargo capacity are both fully loaded, 
the cost of shipment per cargo ton-mile is greater 
for a high speed vessel. Nevertheless, the faster ship 
may earn larger dividends if her sfieed attracts full 
loads of high-quality cargo and a slower ship does 
nut. Must modern cargo vessels over 400 ft in length 
have speeds of about 14-16 knots. Relatively few 
make over 18 knots. American vessels arc a little 
faster, on the average, than those of other nations. 

Cargo handling. The cargo handling time for 
general cargo freight is much longer than for bulk 
cargo, and this involves costly idle ship time 
(spending instead of earning) while in port. For a 
vessel of the same basic dimensions and speed, a 
general-cargo freighter can transport far more 
weight or volume of payload cargo than a rontain- 
erired cargo vessel. Bulk cargo transportation Is the 
most economical per ton-mile even though the ves- 
sel is in ballast without cargo on the return pas- 
sage. For relatively long distances general-cargo 
(not ^•ontaineri/ed ) freighters provide more eco- 
nomical transpfirtation than containerized cargo 
vessels. This js not the case for short distances. As 
an extreme example, on a lO-mile passage a ferry 
could transport loaded truck vans (equivalent of 
containerized cargo) much more cheaply and more 
quickly than if even more truckloads of cargo were 
unloaded ont(» the ferry and then reloaded onto 
ti licks at the other end of the passage. Far a 10,- 
000-mile passage, however, it is cheaper to trans- 
fer the 1 argo to a ship and transport only the pay- 
load cargo, even though tonsiderable time and 
money is spent loading and unloading. 

Size restrictions. Canal locks and harbor water 
depths restrict the dimensions of the latger classes 
of vessels. The Panama Canal recommended that 
vessels not exceed 900- ft length over-all, 104-ft 
breadth, and 35-ft draft. The Suez Canal limits the 
draft to 35 ft, but the length and breadth are un- 
restiicted. The maximum suggested for the St. Law- 
ren< e S5cawa> is 715-ft length over-all, 72-ft breadth. 
The minimum channel depth is 27 ft, so about 
25-26 ft is ilie maximum draft. The minimum clear- 


Typical large merchant ship characteristics* 


Characteristic 


O^er-all length, ft 
liength lietween perpendiculars, ft 
Beam, ft 
Depth, ft 

Summer keel draft, ft 
Lightweight 
Deadweight capacity 
Displacement, full load 
^haft horsepower, normal 
Bhaft horsepower, maximum 
spe^, knots 


Passenger" 
and freight 


730 

658 

93 

64 

329^ 

21,080 

14,310 

35,390 

34,250 

37.675 

23 

1,175 

640 


General 

cargo 


490 

459 

66 

41 

501 Ks 
5,822 
11,788 
17.610 
10,600 
11,000 
17 
12 
50 


Ocean 

tanker 


716 

685 

93 

48*^ 

3694 

12,460 

37,745 

50,205 

21,300 

23,430 

18 

4 

51 


Ocean ore 


6644 

6314 

87 

454 

3442 

10,505 

31,560 

42.065 

12,500 

13,750 

15.5 

4 

46 


Great Lakes 
self-unloader 


6664 

640 

72 

36 

2542 

7,850 

20,040 

27,890 

7,000 

7,700 

14.8 

6 

41 


Officers and crew 640 50 ^ 

* WwBhto are in lone iona (2240 lb). Uahtweurht ia the weiglit of the empty ^ip with im deadw^t ab^. 
Tbe fulWoad 3the water di^daced by the llghtweigbt plue the deadweight. 
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ance under bridges along the Seaway is 120 ft. All 
of these dimensions except the bridge clearance 
can be slightly exceeded in an emergency. 

Although large bulk-cargo vessels have economic 
advantages, if the draft exceeds about 38 ft (few 
harbors have over 40-^ depth) operations may be 
restricted. Tankers of great draft, such as those of 
50,000 to 100,000 tons deadweight capacity, may 
have to unload partially into a smaller tanker or 
into an offshore pipeline before entering many 
harbors. Representative data on merchant ships 
are given in the table on the previous page. 

TYPES OF VESSELS 

Passenger vessels. These vary from small inter- 
island or cross-channel ships to liners over 1000 ft 
in length. The speed range varies from about 12 to 
over 30 knots and the passenger capacity from 13 
to over 2000. Three separate classes of passengers 
are provided for in most large liners, for example, 
first, cabin, and tourist classes. Some vessels are 
‘*one class.” 

The larger passenger vessels provide staterooms 
with 1-4 berths, each room with bath and toilet in 
first-class quarters. A few rooms are connecting 
and suites may include a living room, dressing room, 
and even a private outdoor veranda. On most large 
and many small passenger vessels, air conditioning 
is customary in all staterooms, public spaces, and 
in officer and crew quarters. .Large liner passenger 
spaces and facilities may include a dining room 
and galley, lounge and observation spaces, cocktail 
or bar room, open and closed promenade deck, 
movie theater, library, smoking room, writing room, 
ballroom, nhildreirs play room, shopping center, 
restaurant, gymnasium, swimming pool, game deck 
area, beauty shop, barber shop, and doctor’s office. 
Some of the public spaces such as the movie the- 
ater or swimming pool may be made available to 


two classes of passengers at different hours. A few 
staterooms are arranged to permit assignment to ei- 
ther of two classes, depending upon the number of 
passengers booked for each class. One galley may 
serve separate dining rooms for two classes. A typ- 
ical freight and passenger vessel of about lOO-pas- 
senger capacity usually has only a dining room and 
galley, lounge, cocktail room, card and game room, 
library, and possibly a swimming pool. 

The number of officers and crew for a 500-ft, 13- 
passenger vessel is 55-60, and for lOO-passenger 
ships. 100-125. For typical transoceanic vessels of 
over 1000 passengers the number of officers and 
crew is slightly over half the number of passengers. 

International safety of life at i(|;^a regulations in- 
clude rules for the fireproof construction of ships. 
Carelessness may result in a stateroom fire. To 
confine the fire the joiner bulkheads are usually 
fireproof and the furniture at least fire resistant. 
The 1948 regulations permit automatic fire alarms 
and sprinkler systems instead of fireproof bulk- 
heads. Fireproof or fire resistant paint is now used 
in quarters of the highest class of pas.senger ves- 
sels. Draperies, carpets, and bedding may be treated 
to make them fire-resistant. 

General-cargo freighters. An inner bottom Is re- 
quired for general-cargo freighters of over about 
300- ft length and is customary in smaller vessels.' 
Transverse framing is usual for the main hull struc- 
ture, although some have longitudinal bottom fram- 
ing. (Framing is ^scussed later in this article.! 
The inner bottom forms the lowest level of the cargo 
spaces (holds) in which general cargo is stowed. 
All except very small freighters have one or two 
decks below the strength deck and the cargo on 
these intermediate decks is said to be stowed in the 
“ ’tween decks.” 

The cargo is loaded and discharged through largo 
rectangular deck openings (hatches) over each 



Fig. 2. The genaral-corgo freighter Old Colony Mar- 
iner. She has a fop speed of approximately 22.5 
knots. 
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cargo space. Mechanically operated hatch covers 
are now used to close the openings. The hatch cov- 
ers in the 'tween decks are strong enough to sup- 
port cargo which may be stowed on them. The top- 
side hatch covers are weathertight. Hatch sizes 
vary, but the width is usually 35-50% of the ship's 
breadth and the length .50-60% of the hold length. 
The main transverse bulkheads form the ends of 
the cargo spaces and in sizable transoceanic freight- 
ers are usually from 40 to 70 ft apart. .Some have 
one or more tanks abreast the shaft tunnel in the 
after holds for bulk edible liquid cargo. 

Shelter deck (complete superstructure above the 
freeboard deck) and full-scantling minimum free- 
boaid freighters predominate, the former being 
]K)pular for voluminous (low density ) cargo. A fore- 
idstle. midship deckhouse, and often a poop are 
iiMidl. Long bridges for cargo stowage are ociasion- 
dllv fitted Unless the propulsion machinery is aft 
(a growing trend), the midship deckhouse is above 
the inachinerv space. A tvpical modern transoceanic 
general cargo freighlei is shown in Figure 2. 

Tn some ports general caigci is transferred be- 
tv\een the ship and shore by cranes located on the 
pier, but iisiiallv the ship’s booms are used The 
booms are raised oi lowered bv adpistable wire lig 
ging (topping lifts) led from the mast oi kingpost 
(the ecpiivalent of a mast) to the boom ends Two 
ulpistable lopes (vangs) from each boom end to 
the deck aie used tt> swing the booms or hold them 
in a fixed position over the pic'r or the hatch (Fig. 
n \ wire rope (cargo fall) lc‘ads over sheaves 
Irom a steam or electric winch to the outer end of 
ed<h boom and tei ruinates in a cargo hook. Cargo 



^'9* 3. Swingfng-boem corgo handling. 



can be hoisted using one bourn and then slowly 
shifted to or from the ship bv swinging the boom. 
This IS customary only for occasional very heavy 
units of cargo (over 5 or 10 long tons). Usually 
two booms are used with one boom end over the 
hate h and the olhei over the piei, as shown in Fig. 
4. The vangs secure the booms in these positions. 
The cargo falls from both booms are joined to one 
caigo hook. When loading, cargo is hoisted by the 
piei boom until well above the hatch level. Then the 
batch boom cargo fall is rapidly wound in while 
the pier boom cargo fall is ski II fully unwound at 
sii h a rate that the cargo is suspended by both 
boom falls and moves horizontally well above the 
deck until over the hatch. Thereafter both boom 
falls are unwound, and the cargo is lowered into the 
cargo space. This process, called biirtoning, is re- 
versed when disc'harging cargo from the ship to the 
pier. Biirtorimg is usual for cargo loads up to 5 
long tons and a few vessels can burton lO-ton loads. 
The cargo is often piled together in a large net 
whic'h is emptied and returned for the next load. 
Many large vessels have one pair of booms at each 
end of each hatch. This expedites cargo handling 
but increases the stevedoring cost. Most freighters 
have one heavy lift boom of 30-50 tons capacity 
for occasional units of heavy cargo. A few freight- 
ers have cranes mounted on the ship instead of 
masts, booms, and winches. 

Uniform classes of cargo such as cartons of 
canned goods may be stacked on inexpensive small 
flat platforms called pallets and hoisted aboard. 
The loaded pallets are efficiently handled aboard 
ship (some by fork lift) and remain under the 
cargo until after discharge. 

(^ntainerbnd-cargD vessels. Containers consist 
of weatherproof boxes (usually metal), strength- 
ened to withstand stacking and motion at sea. They 
hold general cargo, preferably loaded by the ship- 
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per but occaaionally by stevedores on the pier. Ex- 
cept for customs inspection, the containers are de- 
livered unopened to the consignee. They vary from 
small sizes such as 6-ft cubes, some of which are 
collapsible, to boxes about 8 ft square and 35 ft 
long resembling large truck vans. The principal ad- 
vantage of containers is rapid cargo handling. If 
the container is loaded aboard and discharged from 
the ship by being mlled on highway wheels or cast- 
ers, the vessel is called a roll-on, roll-off ship cor- 
responding to a ferr> boat carrying truck vans. 
Loading ramps aie necessary on the pier. 

Container ships, as distinguished from roll-on, 
roll-off ships, lift the wheelless containers on and 
off the vessel with cranes. For a given payload 
cargo capacity, both roll-on, roll-off and container 
ships are more costiv to build than conventional 
freighters, but both the cargo handling cost and 
the idle ship time in port are much r€*duced. 

Large container ships usually load or discharge 
a full cargo in 8 oi less hours, compared to several 
days for the same amount of cargo in conventional 
freighters. Roll-on, roll-off ships may have even 
shorter turnaround time in port. Containerized 
cargo vessels make more voyages per year than con- 
ventional freighters. Container transportation is 
most efficient with vessels designed specifically for 
the job. 

The class of caigo that can be containerized is 
limited by the container size. The quantity of pay 
load cargo that a fully loaded container ship can 
loud is considerably less than that of a similar size 
comentional freighter. For roll-on, loll-off ships it 
mav be as little as 25 of the pay load cargo ca- 
pacity of a general-cargo freighter of the same di- 
mensions and speed. \ large number of containers 
(with or without wheels) are necessary ashore as 
well as enroute at s?ea, and to maintain the required 
number of empty containers available in each port 
for reloading, the ships must be fully loaded with 
containers on every passage, whether they are full 
of cargo or empty. 

Because fully loaded roll-on, roll-off ships cannot 
carry enough cargo to immerse them as deeply as 
the maximum draft of general-cargo freighters of 
the same dimensions, it is practical to have side- 
ports (doors in the vessel’s sides) above the water- 


line through which roll-on, roll-off containers can 
be rolled aboard and discharged using pier ramps. 
Ships of this class also usually have a transom stern 
(cut off square like a rowboat) fitted with doors 
through which containers are rolled on wheels. 
Roll-on, roll-off ships may have several cargo decks, 
the containers being shifted from the loading deck 
to other decks by either elevators or sloping ramps. 

Efficient container ships are designed to load 
and discharge the containers mechanically and to 
guide them mechanically as they are lowered into 
or unloaded from their stowed position. To permit 
rapid movement of containers to or from the stowed- 
aboard ship location, container ships may have un- 
usually large hatches. By use of )(antry cranes and 
guides much like elevator tracks, the containers are 
stowed directly below and only within the hatch 
area. In some cases additional containers may be 
carried above the topside deck. 

Buik-liquid-cargo vessels. These ships, com 
monly called tankers, have the propulsion machin- 
ery aft, with a small (little used) general dry cargo 
space near the bow. The bulk liquid cargo spaces 
are between these areas. The total length of the liq- 
uid cargo space is, typically, 609f of the LBP (sec 
Fig. 5). The length of the cargo tanks and the for 
ward hold is adjusted so that the center of gravity 
of the weight of the loaded ship is in the samt^ 
fore and aft location as the center of volume 
(equal upward force) of the displaced sea water 
As a result the drgft is the same at the bow and 
stern This basic principle applies to other classes 
of ships as well. 

An inner bottom is fitted beneath the machinery 
space and either an inner bottom nr deep tank un 
der the forward dry cargo space. Tankers have one 
or two, and large vessels have three, longitudi 
nal bulkheads in the cargo tank spaces. The indi 
viduai tank lengths (fore and aft) rarely exceed 
about 40 ft. To minimize damage from the liquid 
swashing as the ship rolls and pitches, and to pro 
vide for cargo expansion if the temperature rises 
the tanks are each filled to about %% of capac- 
ity. There is only one deck and no inner bottom 
beneath the cargo tanks. This main deck, the bot- 
tom and side plating, and the bulkheads are framed 
longitudinally. Longitudinal framing consists of 
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Fig. 5. Cross-sectional view of the supertanker Spyros ing 2,289,370 ft.^ (From A. C. Hordy, Mmrchanf Ship^ 
Niorchos, which has 47,122 tons deadweight copacity. World Built, John De Groff, 1957) 

The cargo space is divided into 33 cargo tanks total 
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Fig. 6. The tanker Esso Gettysburg. She is of the sin- 
gle-deck type with forecastle, bridge, and poop-deck 
houses. The deadweight is 37,689 tons and cargo ca- 
pacity is 318,000 barrels. One of the fastest oil tank- 


ers to fly the American flag, she is capable of main- 
taining a speed of 18 knots. (From A. C. Hardy Mer- 
chant Ships: World Built, John De Graft, 1958) 


shapes such as angle or tee bars 2-3 ft apart run- 
ning fore and aft. Widely spaced (such as 10 ft) 
transverse structural members between transverse 
bulkheads support longitudinals. In transverse 
framing shapes run athwartship or vertically in- 
stead of fore and aft; supporting members run fore 
and aft. Either longitudinal or transverse framing 
may be used for the side shell. Some vessels trans- 
port special classes of liquid cargo in tanks that are 
not a part of the hull. 

Conventional tankers (Fig. 6) have a poop, fore- 
castle. and either a bridge or deck house slightly 
forward of amidships. The pilot house, radio room, 
and quarters for the navigating officers are in the 
midship deck house. The remainder of the quarters 
are in the poop and in deck houses above it. Tank- 
ers are rarely in port more than one day at the end 
of each passage, so as an inducement for continuity 
of crew service the quarters of tankers are gener- 
ally much more livable than those of freighters. 

The deadweight capacity of sizable tankers »ii 
approximately three times the light (empty) weight 
of the ship. Bulk-liquid or 1)ulk-dry-cargo vessels 
are normally fully loaded on one passage and on the 
return passage carry sea water ballast to provide 
suitable draft. A typical large tanker can transfer 
over 2000 tons of liquid cargo to or from shore in 
an hour. Shore pumps load and ship pumps dis- 
charge the liquid. 

Buik-dry-carfo vessels. The density of bulk dry 
^argo varies widely. A ship loaded. to her maximum 
oraft with iron ore utilizes a much smaller volume 
cargo space than if transporting an equal 
'veight of coal or sugar. Althouc^ there are excep- 
hons, most vessels of this type are designed for a 
specific trade, such as iron ore or coal. If the cargo 
apace for a maximum permissible load of heavy ore 


extended across the full hull width, the ore would 
occupy only a small portion of the depth from the 
inner bottom to the top.side deck. The cargo weight 
thus concentrated low in the vessel would result 
in excessive stability and if the ore is poured into 
the ship, it would not self Mow uniformly through- 
out the hold. In a severe storm, bulk cargo In a par- 
tially filled space may shift to one side, causing 
the vessel to list heavily or even capsize. 

For dense cargo then, the bottom of bulk-dry- 
cargo spaces is much higher above the keel than is 
a general-cargo vessel’s inner bottom, and the cargo 
is stowed between two longitudinal bulkheads out- 
board of which are spaces sometimes used as water 
ballast tanks. The height of the cargo space bottom 
is such as to result in acceptable stability. The cargo 
space width between the longitudinal bulkheads is 
also controlled by the density of the cargo. The 
carg'; space corners under the deck often have slop- 
ing plating (inboard to the hatch edges) at the 
angle of repose of the cargo. This eliminates empty 
hold space after the cargo is poured to the level 
of the hatches. The corners at the bottom of tbe 
holds may also be sloped. This expedites discharg- 
ing as the cargo slides either to a relatively small 
area all of which can be reached through the hatch 
by shore-based grab buckets, or into hoppers over 
a self-unloading conveyor belt. 

Conventional bulk-dry-cargo vessels have a poop 
and a forecastle. The propulsion machinery is aft. 
For ocean service there is either a short bridge or 
midship deckhouse for the pilot house, radio room 
and quarters for the navigating officers, or these 
spaces may be located at tbe forward end of ttie 
poop. Great Lakes vessels have no middiip deck* 
house, the pilot house and deck officers’ quarters 
being located on tbe forecastle. As in the case of 
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tankers, the port turnaround time is short, so highly 
livable crew quarters are customary. 

Bulk dry cargo is loaded by pouring it into the 
cargo spaces through spouts, or by belt conveyors. 
It is discharged from the ship by shore-based grab 
buckets or by belt conveyors installed in the ship. 
Up to 3000-5000 tons of bulk dry cargo can ^ 
loaded or discharged per hour. Cement can be 
moved rapidly between the ship and pier by blow- 
ing it through tubes with compressed air. 

Other types of vessels. In addition to the larger 
classes of merchant ships and inland waterway craft 
there are fishing vessels, ice breakers, dredges, light 
vessels, ferries, tugs, salvage ships, fireboats, pa- 
trol boats, pilot boats, and other craft. See Ship- 
building. ts.A.v.l 
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Ship, naval 

The present-day American naval fleet bears little 
resemblance to the one with which the United 
States finished World War II. Battleships, once 
the most important surface component, have been 
inactivated. Smaller and faster cruisers now serve 
as fleet flagships. Aircraft carriers, handling as 
many as 70 heavy jet fighters, have become the core 
of surface naval operations. Guided-missile launch- 
ers are replacing conventional gun batteries for 
armament. Above all these startling changes looms 
an even greater one — the conversion to nuclear 
power for ship propulsion. Nuclear submarines 
came first, and by 1962 the U.S. Navy will have 
nuclear-powered aircraft carriers, cruisers, and 
destroyers in service. 

This article discusses the major surface units of 
the modern navy. For information on other impor- 
tant naval vessels, see Landing ships and craft; 
Submarine; see also Antisubmarine warfare; 
Armament, naval. 

Aircraft carriers. The largest warships of mod- 
ern navies are aircraft carriers. They are designed 
to support and operate aircraft in all weather con- 
ditions and to engage in naval operations against 
enemy ships, aircraft, and shore installations. An 
aircraft carrier is in fact a floating and mobile air 
station. Her flight deck provides runways, and her 
island is a control tower; a large hangar area be- 


low the flight deck contains maintenance and re- 
pair facilities, and tanks built into the hull carry 
fuel for aircraft. In the U.S. Navy, provision for all 
these features for about 70 heavy jet aircraft and 
a 4000-man crew results in 1000-ft ships with 
displacements of 65,000-85,000 tons. 

^me U.S. Navy carriers are being provided 
with guided-missile batteries for defense against 
attacking aircraft. Principal reliance for self-de- 
fense, however, is placed on the carrier's aircraft 
and the guided-missile batteries of her escorts. 

Aircraft launching and recovery. The outstand- 
ing feature of modern attack aircraft carriers is 
the angled flight deck. A 700-ft landing strip makes 
an angle of 7-10^ with the axi)|l portion of the 
deck, whose length approximates 1000 ft. Thus two 
separate aircraft strips are provided. Launching of 
aircraft is accomplished by steam catapults located 
at the forward ends of both the axial and angled 
strips (Fig. 1). Powered by steam from the ship’s 
boilers, these massive ^^slingshots’’ can impart an 
end speed of about 140 knots to a 70,000-lb 
aircraft, and develop upwards of 60,000,000 ft-lb 
of energy in a single stroke. Automatic positioners 
for final spotting of aircraft on catapults are being 
incorporated in modern carriers to expedite launch 
ing operations. By launching (taking off) only 
from the axial strip and recovering (landing) on^ 
the angled one, safety of operations is greatly 
enhanced. Aircraft not successfully arrested on 
landing can cither fly off or be allowed to cra<«h 
into the sea over^the forward end of the angled 
deck without harm to other aircraft that may be 
awaiting catapulting on the forward portion of the 
axial deck. 

Aircraft to be recovered approach the carrier 
from the stern, lower a tail hook from the under- 
side of the fuselage, and touch down on the angled 
strip. Engagement of the tail hook with one of the 
several horizontally stretched cables, which are 
lifted mechanically just before the plane lands, 
gives complete stoppage in about 300 ft. This ''run- 



Fig. 1. Fighter oirercift, F9F-8, being lounched from 
starboard catapult of USS Forresfof, CVA 59. 

Navy Ofheial Phofo) 


out” is decelerated smoothly by hydraulic plungers, 
located below the flight deck, to which the cables 
are attached. A mirror landing system furnishes 
the incoming pilot with an optical indication that 
he is in a correct glide path for his approach. For 
foul weather or night operations, an electronic 
carrier control approach system is provided to 
assist in the landing of aircraft. 

Large hydraulically operated deck edge eleva- 
tors, having rapacities of over 80,000 lb, are pro- 
vided to transport aircraft between the flight and 
hanger decks. Extensive shop and repair facilities 
are available in the hangar space. Outlets for fuel- 
ing, electrical service, and compressed air for en- 
gine starting are situated at convenient locations 
on both the flight and hangar decks. 

Bomb magazines below decks, connected with 
the flight deck by special elevators, supply air- 
craft ammunition. Ready rooms for briefing pilots, 
air operations centers, combat intelligence facili- 
ties, and electronic equipment for the control of 
aircraft operations and the receipt of serological 
information are among the principal special fea- 
tures of aircraft carriers. 

Advantages of nuclear power. Nuclear propul- 
sion is incorporated in the USS Enterprise^ 
CVA(N)6.S, whose displacement of 85,000 tons 
makes her the largest warship ever constructed. 
She was completed on December 20, 1%1. Right 
pressurized water reactors will provide dry satu- 
rated steam to geared turbines, which will develop 
over 250,000 shaft horsepower and propel the ship 
at a trial speed in excess of 30 knots (Fig. 2). A 
dtamatic increase in endurance will be achieved 
with this nuclear power plant, enabling the Enter- 
prise to cruise many times around the world with- 
out refueling. Other substantial advantages which 
accrue with the use of nuclear power for aircraft 
carriers are (1) freedom in location of island 
without regard to uptake positions, (2) elimina- 



*^<9. 2. USS Enfarprisa, CVACNISS. Arfitl’t conception 
th« first nuclear -powered oircraft carrier which 
coivipleted on December 20,1961. The Enterprise 
^**1 be 1100 ft long and will cruise at over 30 knots. 
Note ongled flight deck. (U.S. Navy Official Photo) 
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tion of smoke nuisance from aircraft operatioiis, 
(3) greater resistance to battle damage by elimi- 
nation of uptakes, and (4) greater aircraft fuel 
capacity. 

Cruiaers. These are medium-sized warships de- 
signed to engage in operations against aircraft, 
guided missiles, and surface or subsurface opposi- 
tion singly or in support of other forces. With the 
passing of the battleship as queen of the battle 
force, the cruiser has become the heavy surface 
combatant. From the role of scout and screen ship 
for the battle line, the cruiser has evolved into a 
fast, lightly armored, and heavily armed defender 
of the aircraft carrier, now the core of modern task 
forces. Cruisers also serve as flagships for major 
fleet commands. U.S. Navy planning envisages 
cruisers in the 14,000- to 17,000-ton displacement 
range, equipped with guided-missile armament, 
and propelled by nuclear machinery. 

Guided-missile ships. The initial efiort in this 
plan by the U.S. Navy, as well as other navies, is 
the conversion of existing cruisers to guided-missile 
ships. Under a program which started in 1956 to 
provide surface-to-air guided-missile capability, 
several U.S. Navy light cruisers of the 14,000-ton 
Cleveland class have been converted. This con- 
version consists primarily of removing the after 
6-in. turrets, the after .5-in. mounts, and all 3-in. 
mounts and installing aft either a short-range 
Terrier or a long-range Talos missile launcher. 
The resultant armament is, therefore, a combina- 
tion of conventional guns forward and a guided- 
missile launcher aft (Fig. 3). Some of these ships 
are, in addition, being provided with extensive 
facilities to make them suitable for flagship service 
with the major fleets. Space and weight for these 
additions are being made available by additional 
removal of conventional guns. 

The Italian Navy is engaged in a major modern- 
ization of the 11,000-ton Garibaldi to provide a 
guided-missile system aft in combination with new 
5.3-in. and 3-in. guns forward and in the waist (the 
middle part of the ship) . 

The French Navy has considered providing a 
guided-missile system aft in such cruisers as 
Colbert^ completed in 1958. A mixed armament of 
guns and guided missiles was contemplated. 

A program for converting U.S. Navy 17,000-ton 
heavy cruisers of the Baltimore and Oregon City 
classes to guided-missile ships started in 1958. The 
first Terrier guided-missile cruisers of the U.S. 
Navy, Boston and Canberra^ had been converted 
from these classes in 1955. In the new conversion 
designs, all conventional guns will be removed. 
Armament will ultimately consist of Talos guided- 
missile systems for long-range attack against air- 
craft, Tartar systems for close-in air defense, large 
missiles for long-range attack against land targets, 
and antisubmarine weapons consisting of ship- 
board weapon launchers and helicopters. With this 
varied armament, these ships will be the most 
powerfully armed of any warships in modern 
navies. 
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Fig. 3. Liffh Rock, CL64. Artist's conception of U.S. 
Novy conversion of ex-CL92 with Tolos launcher oft 
and Seet flogship focilities forward. Terrier ships 
will have similar oppearance. {U.S. Navy Official 
Photo) 

The Long Beach. The first nuclear-propelled 
surface ship to be constructed for the U.S. Navy 
is the cruiser Long Beach (Fig. 4). Her armament 
is similar to that of the Baltimore and Oregon City 
conversions, but carried in a lighter hull of 14,000 
tons full-load displacement. Thus she is a true 
prototype for the force of cruisers toward which 
present planning is projected. In her machinery 
spaces, two pressurized-water reactors furnish 
saturated steam to conventional geared turbines. 
Performance includes a trial speed of over 25 knots, 
and a greatly extended endurance. In the Long 


Beach, powerful guided-missile armament coupled 
with nuclear propulsion typify the ultimate in cur- 
rent U.S. Navy planning for cruisers. 

Dostroygr types. These are small, high-speed, 
unarmored warships ranging in size from 1700 to 
7500 tons. Among the navies of the world, they 
are variously and with little uniformity designated 
destroyers, destroyer escorts, and frigates. A frig- 
ate in one navy may be considered a destroyer 
escort in another, and a destroyer in a third. 
Within these broad categories there are many 
specialized ships in which a single function is 
optimized over the general-purpose functions of 
most destroyer types. For example, some U.S. Navy 
destroyers are specially fitted as rgflar pickets, and 
some British ones as aircraft fightdr directors. Be- 
cause of their small size and high utility, destroyer 
types constitute the largest number of warships in 
most navies. 

Destroyers. These vessels are designed to screen 
other surface units against attack by enemy air, 
subsurface, or surface units; to operate offensively 
against enemy aircraft, submarines, and light 
forces; and to carry out light bombardment and 
amphibious support tasks. In 1959, the U.S Navy 
finished an 18-ship destroyer construction program 
based on the Forrest Sherman, DD 931, whose 
commissioning took place in 1955 (Fig. 5) With , 
a full-load displacement of about 3800 tons and a 
speed of over 30 knots, this ship represents a sub 



Ro. 4. Long Bwh. CO(N)9. Artist’s coM^atton of fooHo^urfac. riIssHm amidships cemprisa Ih. 

U.S, Novy prototyp. for a guld«l<mlssile, mieioar* fMturos of hor ormamont. Nolo obsonco of smoba' 

poworMl cruhor Two Torrior lounchors forword, ono stocks. (U.S. Novy Offleiof Pfrafe) 

Taloi louncher aft, and proviiion for long-range tur- 




Fig S USS Forresf Sherman, DD 931. This destroyer 
was commissioned in 1955 and has since become the 
prototype vessel for a construction program. (U.S. 
Navy Official Photo) 

citantial improvement over previous designs Her 
seakeeping qualities and maneuverability are ex- 
rellent. and her armament is heavy and varied 
Antiaircraft guns of the most advanced types, 
torpedoes, Hedgehogs (short-range antisubmarine 
weapons), and depth charges, combined with 
modern sonar (underwater detection gear) for use 
against submarines, all make this ship a powerful 
offensive and defensive warship 
In 1958 the Italian Navy was also embarked on 
d construction program for fleet destroyers com- 
parable to Forrest Sherman. Impetuoso^ completed 
in 1957, IS the class leader, with a displacement of 
1600 tons and speed of 34 knots Impavido^ laid 
down in 1957, is the newest addition to the class 
Ecpiipment plans call for a surface-to-air guided- 
missile system, some conventional antiaircraft guns, 
antisubmarine torpedoes, and an Italian-developed 
three barrelled antisubmarine howiUer 
In 1957, the U S Navy initiated a program for 
the construction of guided-missilc destroyed , 
de^^ignated the DDG 2 class (Fig. 6), on the con- 
cept of pioducing a ship similar to the DD 931 
(lass, hut with improved armament. The improve- 
ment in antiaircraft armament consisted primarily 
«f substituting a twin Tartar launcher for the after 
5 in , 54rcaliber mount. Advanced sonar and anti- 
submarine weapons were also provided As a result 
of these extensive changes, the ship was enlarged 
over DD 931, and has a full-load displacement of 
4500 tons, an increase of some 650 tons. It is in- 
teresting to note that the first destroyers con- 
strue ted for the U.S. Navy during the Spanish; » 
American War displaced only 420 tons. The first 
of the DDG 2 class was delivered in 1960. 

Destroyer escorts. Vessels intended primarily to 
^reen convoys from enemy submarines are called 
destroyer escorts. Their mission includes the tasks 
of detecting and destroying enemy submarines 
threatening the convoy, and the capability of 
limited self-defense against enemy air and surface 
attack In time of war, such ships are needed in 
l&rge quantities to ensure adequate transport of 
•itrategir materials across the oceans. Destroyer 
escorts, therefore, are designed under the criteria 
of minimum size, complexity, and cost to facilitate 
*fiipid construction. 

Courtney class, DE 1021, represented 
^ west in destroyer escort designs in the U.S. 
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Navy (Fig. 7). In her 19S0-ton hull, a vessel of 
this class carries antiaircraft guns and depth 
charges. Her machinery can propel her at over 22 
knots, which provides an adequate speed margin 
for screening slow merchant ships. 

In 1958 the Royal Canadian Navy commissioned 
the leader of the new Restigouche class of anti- 
submarine escorts. Fully designed in Canada with 
some British assistance, she has the mission of 
detecting and destroying fast modern submarines. 
Her displacement of 2600 tons, speed in excess of 
25 knots, and powerful armament of antiaircraft 
guns, depth charges, mortars, and acoustic homing 
torpedoes make her an extremely effective escort 
whose capabilities approach that of a destroyer. 
Flush main deck, low and spacious bridge, the 
extensive use of aluminum, and depth-charge mor- 
tars (Limbo) located in an after well below the 
main dec k are interesting features. The addition of 
antisubmarine helicopter facilities is a possibility. 

Frigates These are destrover types which are 
not amenable to precise definition. In European 
navies frigates are generally small, short-range, 
antisubmarine ships of about 2000-3000 tons dis- 
placement, while in the U S Navy the most modern 
frigates are in fact destroyer flotilla leaders whose 
7000 tons approdc h light cruiser size. 

The new British Whitby class consists of anti- 
submarine frigates of over 2800 tons displacement 



Fig. 6. DDG 2. Artist's conception of U.S. Navy 
gulded-missile destroyer. The 435-ft vessel makes over 
30 knots, and uses the Tartar guided-missile system. 
(U.S. Novy Offleial Photo) 



Fig. 7. USS Evens, DE 1023. U.S. Novy destroyer 
•scort of OE KBI doss. The SlM ship hoi o speed of 
over 22 knots. (U.S. Novy OHIefal Photo) 
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Fig. 8. HMS Torquay, British antisubmarine frigate 
of the Whitby class. (British Joint Services Mission, 
Washington, D.C.) 


and speed in excess of 30 knots (Fig. 8). They are 
very similar to Canada's destroyer escort, Resti- 
gouche^ in size, armament, and general features. 
Special attention was given in these designs to 
seakeeping qualities and maintaining speed in a 
seaway. High freeboard forward, a long forecastle, 
and an unusual hull form were adopted to obtain 
good rough weather performance. Having been 
primarily designed for locating and destroying 
modern submarines, Whitby is equipped with the 
latest underwater detection devices and antisub- 
marine weapons, including Limbo launchers and 
torpedoes. 

Revolutionary advances in armament and propul- 
sion are being effected in U.S. Navy frigates. The 
DI C 16 class, designed in 1957, is a guided-missile 
frigate of almost 7000 tons displacement, long 
range, and speed of over 30 knots. Her mission is 
to screen fast task forces against enemy air, sub- 
marine, and surface threats, and to operate offen- 
sively against naval forces and shipping. Installa- 
tion of two Terrier launching systems makes it the 
first destroyer to carry missiles both forward and 
aft. Advanced underwater detection devices, anti- 
submarine weapons, torpedo tubes, and helicopters 
give this ship an impressive antisubmarine capabil- 
ity. Close-in protection is provided by two twin 
rapid-fire gun mounts. 
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Fig. 9. DLG(N). Artist's conception of U.S. Navy 
nuclear-powered guided-missile frigate. Note absence 
of smokestacks. (U.S. Navy Official Photo) 


The DLG(N) incorporates nuclear propulsion 
for the first time in a ship of frigate size, and is 
the third surface ship in the U.S. Navy to have 
nuclear propulsion. Long Beach, CG(N)9, and 
Enterprise being the forerunners. Two pressurized- 
water-type reactors furnishing steam to geared 
turbines permit great endurance without refueling. 
This design incorporates essentially the same ar- 
mament as DLG 16, but in a somewhat larger hull 
of about 7600 tons (Fig. 9) . 

Mine swoepers. These are small ships equipped 
to remove, or render harmless, naval mines. U.S. 
Navy types are representative of those of many 
countries because large numbers of these designs 
were constructed for NATO navies under the 
mutual defense assistance programs. 

Ocean mine sweepers (MSO). These are ships of 
approximately 720 tons, equipped for magnetic, 
acoustic, and moored mine sweeping (Fig. 10). 
They are intended for heavy-duty sweeping in com- 
pany with fleet units. These ships are unique in 
their nonmagnetic features, which minimize the 
chances of the inadvertent detonation of magnetic 
mines. Wooden hulls fitted with machinery and 
equipment made of nonmagnetic materials reduce 
the magnetic signatures of the ships and permit 
them to move safely through magnetic mine fields 
(see Degaussing). 



Fig. 10. MSO 495. U.S. Navy ocean mine sweeper 
(U.S. Navy Official Photo) 

Coastal mine sweepers (MSG). These are ships 
of about 370 tons, designed for magnetic, acoustic, 
and moored mine sweeping in coastal waters. They 
are roughly equivalent to the YMS type widely 
used during World War 11. Like the ocean mine 
sweepers, these ships have wooden hulls and are 
of nonmagnetic construction. 

Mine sweeping boats (MSB) , These are 88,000-lb 
craft for sweeping inshore waters; they are 
equipped to sweep magnetic, acoustic, and moored 
mines. These boats are wooden hulled, are of non- 
magnetic construction, and feature gas turbine 
drive for magnetic mine sweeping generators. 

Mine sweeping launches (MSL). These are the 
smallest of the family of mine sweepers. They are 
36 ft long, displace about 21,000 lb, and are used 
in clearing all types of mines in assault sweeping 
operations. 

Motor torpedo ImitS. These are fast vessels de- 
signed for submarine chasing in narrow or shel- 
tered waters, sneak torpedo attacks on large sur- 
face ships, and the destruction by gunfire of minor 
seagoing traffic. Emphasizing speed and maneurer- 
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ability, such vessels, designated PT in the U.S. 
Navy, carry more armament per ton of displace- 
ment than any combatant ship* 

Four experimental PT boats, which were com- 
pleted in 1951, represent the most advanced type 
in the U.S. Navy. If additional construction should 
lie undertaken, these would probably form the 
basis for a prototype. The fom boats (PT 809, 810, 
811, and 812) have aluminum hulls, and initially 
were fitted with identical main propulsion units 
lonsisting of four Packard gasoline engines, and 
identical gasoline-engined auxiliary generators. 
The hulls, however, differ considerably in their 
lines and arrangements. In continuation of the 
experimental function of these craft, several have 
been re-engined, one to diesel-engine drive and 
another to a (Combination of diesel-engine and gas- 
tiirliine drive. 

Other navies have shown more continued interest 
in motor torpedo bouts. For example, in Great 
Biitain, greater emphasis has been placed on this 
t\pe for the detection and chasing of submarines 
in narrow waters, and an active development and 
( onstriiction program has been maintained. The 
firm e class of fast patrol boats is the latest design, 
embodying gas-turbine drive for three propellers, 
with additional thiiist obtained from the gas-tur- 
bine exhaust. The immediate predecessor, the 
Dark class, featured aluminum construction and 
diesel drive. This design represented a departure 
from earlier torpedo boats, such as were used 
during World War 11 and which had wooden hulls 
and gasoline engines. 

Naval auxiliaries. These are service and logistic 
ships that support naval operations. IncludcMl in 
Ihis broad class are a large number of specialized 
ships, such as tendeis, reefers, oilers, ammunition 
ships, cargo ships, and icebreakers, all of which 
are basically merchant types adapted to naval 
service. Some of the most important U.S. Navy 
t\pes are discussed here; auxiliaries of other 
navies are comparable. 

Tenders. These are floating and mobile repair 
and supply stations. They have shops capable of 
arcomplishing ship repairs that do not require 
heavy shipyard facilities such as drydocks or large- 
capacity cranes. Medical and dental services, and 
laundry and dry-cleaning facilities, are avaifable 
on them, as well as limited resupply of provisions, 
'Spare parts, ammunition, and fuel. Although the 
basic design of the various types of tenders and 
repair ships is essentially the same, minor varia- 
tions have been introduced to suit particular func- 
tions. For example, submarine tenders have tor- 
pedo shops, periscope repair shops, submarine 
battery repair and charging facilities, and battery 
water stowage. Destroyer tenders, on the other 
band, include in their special capabilities torpedo 
^‘towage and repair facilities, but none of the other 
facilities just enumerated. 

Ammunition ships^ These closely resemble com- 
mercial cargo carriers, radar systems and arma- 
ment being the only external indications of their 
special capabilities (Fig. 11). Diversification of 



Fig. 1 1 . USS Mauna Koa, AE 22. U S. Navy ammuni- 
tion ship. She is 502 ft long, and has a full-load 
displacement of 17,400 tons. (U.S. Navy Official Photo) 


stowage is one of their principal features. Each 
cargo hold is fitted with adjustable metal stowage 
systems which permit the efficient stowage of any 
type or size of ammunition. Large-capacity eleva- 
tors deliver ammunition to the main deck quickly 
and without the use of booms or rigging, and fork 
lift trucks handle it fore and aft. A major feature 
is the capability for transferring ammunition to 
another ship at sea while underway. I'his is done 
by means of winches which automatically adjust 
for the motions of both ships. 

Oilers. These are similar to large commercial 
tankers, but have several specialized military fea- 
tures, Probably the most important is the capabil- 
ity of rapidly dischaiging fuel to other ships while 
at sea and underway (Fig. 12). For this task they 
are provided with large pumps and special rigging 
for supporting hoses that connect with receiving 
ships. Another military requirement which com- 
plicates naval oilers is the diversification of cargo, 
because the same tanker must supply fuel oil, 
diesel oil. lubricating oil. gasoline, and fuel for jet 
aircraft. Speed requirements for fleet support are 
also somewhat greater than for commercial prac- 
tice, and armament for limited self-defense is a 
military featuie found in commercial tankers only 
in wartime. 

Combat support ship. Construction i& under way 
f(#r 1964 delivery to the U S. Navy of a high- 
speed replenishment ship (AOE) to accompany 
fast carrier strike forces and function as a combat 
support ship. This auxiliary will carry petroleum 



Fig. 12. USS Noosho, AO 143. U.S. Navy oiler. She 
it shown in center conducting simultaneous refueling 
at sea of an aircraft carrier and a destroyer. (U.S. 
Navy Official Photo) 
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products, ammunition, and other stores sufficient 
to do in one under-way transfer interval what has 
previously required several separate transfers 
using an oiler and ammunition and stores ships. 
The AOE concept represents a radical departure 
from past U.S. Navy practice of depending on 
maritime ship conversions as the primary source 
for replenishment auxiliaries, and incorporates 
many unique features. Another similar one-stop 
supply ship is the AFS, which carries food, general 
stores, and spare parts. .SVe Guided missile; 
Marine machinery; Reactor, ship propulsion; 
Ship design; Ship propulsion; Submarine. 

[a.m.mo.; N.S.] 
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Ship design 

The design of a ship involves a selection of the 
features of form, size, proportions, and other 
factors which are open to choice, in combina- 
tion with those features which are imposed by 
circumstances beyond the control of the design 
naval architect. Each new ship should do some 
things better than any other ship. This superiority 
must be developed in the evolution of the design, 
in the use of the most suitable materials, in the 
application of the best workmanship, and in the 
application of the basic fundamentals of naval 
architecture and marine engineering. 

As ships have increased in size and complexity, 
plans for building them have become more detailed 
and more varied. The intensive research since the 
period just prior to World War 11 has brought 
about many technical advances in the design of 
ships. These changes have been brought about 
principally by the development of new welding 
techniques, developments in main propulsion 
plants, advances in electronics, and changes in ma- 
terials and methods of construction. See Shipbuild- 
ing. 

All ships have many requirements which are 
common to all types, whether they are naval, mer- 
chant, or special-purpose ships. The first of such 
requirements is that the ship must be capable of 
floating when carrying the load for which it was 
designed. A ship floats because as it sinks into the 
water it displaces an equal weight of water, and 
the pressure of the water produces an upward 
force which is called the buoyancy (see Buoy- 
ancy). The buoyancy force is equal to the weight 
of the water displaced by the ship and is called 
the displacement. Displacement is equal to the 
underwater volume of the ship multiplied by the 
density of the water in which it is floating. When 
floating in still water, the weight of the ship, in- 
cluding everything it carries, is equal to the buoy- 
ancy or displacement The weight of the ship itself 
is called the lightweight. This weight includes the 
weight of the hull structure, fittings, equipment, 
propulsion machinery, piping and ventilation, 
cargo or other handling equipment, and other 
items which are required for the efficient operation 


of the ship. The load which the ship carries in 
addition to its own weight is called the deadweight. 
This includes cargo, passengers, crew and effects, 
stores, fresh water, feed water for the boilers in 
the case of steam propelling machinery, and other 
weights which may be part of the ship^s opera- 
tional load. The sum of all these weights plus the 
lightweight of the ship gives the total displace- 
ment; that is. 

Displacement « lightweight + deadweight 

One of the first things which a designer must do 
is to determine the weight and size of the ship and 
decide upon a suitable hull form to provide the 
necessary buoyancy to support the weight that has 
been ('hosen. 

Owner’s requirements. Ships are designed, 
built, and operated to fulfill the requirements and 
limitations specified by the operator and owner. 
These owner’s requirements denote the essential 
considerations which are to form the basis for the 
design. They may be generally stated as (1) a 
specified minimum deadweight carrying capacity, 
(2) a specified measurement tonnage limit, (3) a 
selected speed at sea, or a maximum speed on 
trial, and (4) maximum draft combined with other 
draft limitations. 

In addition to these general requirements, there ^ 
may be a specified distance of travel without re- 
fueling and maximum fuel consumption per shaft 
horsejiower hour limitation, as well as other items 
which will infliiende the basic design. Apart from 
these requirements, the ship owner expects the 
designer to provide a thoroughly efficient ship. 
Such expectations include (1) minimum displace- 
ment on a specified deadweight carrying capacity, 
(2) maximum cargo capacity on a minimum gross 
tonnage, (3) appropriate strength of construction, 
(4) the most efficient type of propelling machinery 
with due consideration to weight, initial cost, and 
cost of operation, (5) stability and general sea- 
worthiness, and (6) the best loading and unloading 
facilities as well as ample accommodations for 
stowage. 

Design procedure. From the specified require- 
ments, an approach is made to the selection of the 
dimensions, weight, and displacement of the new 
design. This is a detailed operation, but some 
rather direct approximations can be made to start 
the design process. This is usually done by ana- 
lyzing data available from an existing ship which 
is closely similar. For example, the design dis- 
placement can be approximated from the similar 
ship’s known deadweight of, say, 11,790 tons and 
the known design displacement of 17,600 tons. 
From these figures, a deadweight-displacement 
ratio of 0.67 is obtained. Thus, if the deadweight 
for the new design is, for example, 10,000 tons, 
then the approximate design displacement will be 
10,000/0.67 or 15,000 tons. This provides a storting 
point for the first set of length, beam, and draft 
dimensions, after due consideration to other. ra* 
quirements such as speed, stability, and strength* 



Beam is defined as the extreme breadth of a ship 
al its widest part, while draft is the depth of the 
lowest part of the ship below the waterline. 

Length and speed. These factors are related to 
the hull form, the propulsion machinery, and the 
piopeller design. The hull form is the direct con- 
icrn of the naval architect, while the propulsion 
machinery and propeller design are of indirect 
concern. The naval architect has considerable in- 
fluence on the final decisions regarding the effi- 
ciency, weight, and size of the propulsion machin- 
ery and the size and efficiency of the propeller, as 
liolh greatly influence the design of the hull form. 
See Marinf machiivf.ry; PnoeELLfcR, marine. 

Speed has an important influence on the length 
‘^elected for the ship. The speed of the ship is re- 
Ifitcd to the length in terms of the ratio V '\/Tj^ 
where V is the speed in knots and /-. is the effective 
waterline length of the ship. As the speed-length 
ratio increases, the resistance of the ship increases. 
Therefore, in order to obtain an efficient hull form 
from a resistance standpoint, a suitable length 
must he selected for minimum resistanc e. Length 
jn relation to the cross-se<‘tional area of the mid- 
ship or maximum section, that is. the fineness of 
the underwater fcirni (the so-called prismatic co- 
iflicient), is also ver\ important insofar as resist- 
ance is concetned. Fast ships recpiire fine (slender) 
f«»rms or lelativelv low fullness coefficients as com- 
pared with relatively slow ships which may be 
ilesigned with fuller hull forms. 

Beam and stability, A ship must be stable under 
all normal conditions of loading and performance 
at sea This means that when the ship is inclined 
from the vertical by some external force, it must 
return to the vertical when the external force is 
reiiKjved. Stability ma\ be considered in the trans- 
verse or in the longitudinal direction. In surface 
‘'hips, longitudinal stability is of much less concern 
than transverse stability. .Submarines, however, are 
concerned with longitudinal stability in the sub- 
rn< rged condition. 

The transverse stability of a surface ship must 
be considered in two ways, first at small angles of 
inclination, called initial stability, and second at 
large angles of inclination. Initial stability de- 
pends upon two factors, (1) the height of the cen- 
ter of gravity of the ship above the base line and 
(2) the underwater form of the ship. The center 
of gravity is the point at which the total weight of 
the ship may be considered to be concentrated (see 
^-fNTER OF (.ravity). The hull form factor govern- 
ing stability depends on the beam B, draft d, and 
the proportions of the underwater and waterline 
‘'hape. For a given location of the center of gravity, 
the initial stability of the ship is proportional to 
Beam, therefore, is a primary factor in trans- 
verse stability. 

At large angles of heel (transverse inclination), 
ireehoard is also an important factor. Freeboard 

the amount the ship projects above the waterline 
nf the ship to certain specified decks (in this case, 
to the weatherdeck to which the watertight sides 
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extend). Freeboard affects both the size of the 
maximum righting arm (Fig. 3) and the range of 
stability, that is, the angle of inclination at which 
the ship would capsize if it were inclined beyond 
that angle. 

Depth and strength, A ship at sea is subjected 
to many forces because of the action of the waves, 
the motion of the ship, and the cargo and other 
weights which are distributed throughout the 
length of the ship. These forces produce sti esses in 
the structure, and the structure must be of suitable 
strength to withstand the action. The determina- 
tion of the minimum amount of material required 
for adequate strength is essential to attaining the 
minimum weight of the hull. The types of struc- 
tural stresQ experienced by a ship riding waves at 
st‘d are caused by the unequal distribution of the 
wc‘ight and buoyam^v throughout the length of the 
ship. The structure as a whole bend*- in a longi- 
tudinal plane, with the maximum bending stresses 
being found in the bottom and top of the hull 
gilder. Therefore, depth is important because as it 
i^ increased, less material is reejuired in the deck 
and bottom shell. However, there are limits which 
control thc‘ maximum depth in terms of practical 
arrangement and efficiency of design. 

Hull form. The deshed hydrostatic and hydro- 
dvnamlc characteristics which the new ship form 
should have are formulated by lonsidering resist- 
ance and propulsion, stability, volumetric require- 
ments, steering and maneiivei ability, performance 
in rough weathei, and tin freeboard necessary for 
seaworthiness and safetv After these factors have 
been decided, the work on the drawing of the hull 
foim is started. 

The geometry of the ‘‘hip is usually delineated 
or a drawing which is c'ommonly referred to as the 
lines drawing of the ship, or simply the lines. 
Every set of lines consists of three plans or views. 
These are the elevation, or profile of the ship; a 
view looking down upon the vessel, known as the 
half-breadth plan; and a transverse view, known 
as the l>od> plan (Figs. 1 and 2). Ordinarily, only 
one side of a ship’s form is delineated, since ships 
are noimall> symmetrical about their longitudinal 
center plans. By means of these projections, taken 
in conjunction with each other, it is possible to 
determine fully the relative positions in three- 
dimensional space of all points and lines con- 
sidered to be on the vessel with the same accuracy 
as though they were being examined and measured 
on the ship itself. It is from lines such as these that 
all the calculations that determine the geometric 
properties of the ship are made. 

In selecting the dimensions of a ship and the 
fullness of the form to provide the necessary dis- 
placement, it is quite possible to have many dif- 
ferent forms. The form with least resistance to 
propulsion is the one that is most desiied. since it 
will require the least powerful machiner) and 
expenditure of fuel. 

The total resisUnce of a ship is usually divided 
info two principal parts, frictional and residual. 
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Fig. 1 Profile view (above) and half-breadth plan 
(below) of a ship. These views, along with the trans- 
verse view (Fig. 2) make up the lines of a vessel 

Thr residual resistancT is made up of wave-making 
resistame and sepaiation and eddying resistance. 
The latter two can be reduced to very small 
amounts by good hull design and attention to detail 
fairing of endings and shapes. The frictional re- 
sistance depends on the wetted suiface area of the 
hull, and little can be done to reduce this resist- 
ance beyond the reduction of the wetted area. 
Wave-making resistan«‘e, however, is related to the 
features of the hull form, and much can be done 
m the wa> of selecting the proper hull length and 
fineness to minimize wave-making resistance. The 
beam of the ship in relation to its draft has some 
effect on lesistame, and generall> the resistance 
iiic reases with the beam-to-draft ratio. Little can 
be done in the way of reducing the beam, however, 
as it is generally fixed by the stability require- 
ments. The shape of the waterlines, particularly 

forecastle 20' bow 



Fig. 2 Transverse view, also called the body plon, 
of a ship. 


the surface waterline, is important in the rediic tion 
of wave-making resistance. High-speed ships re 
quire waterlines with small angles of slope to the 
centerline, while Jower ships may have larger 
waterline angles without undue waste of power 
Other features of foim which have a bearing on 
wave-making resistance are the relative fullness of 
the ends of the hull form and the parallel middle 
body portion, the use of a bulbous bow at properly 
related speeds, and fineness of the hull form. Foi 
a discussion of resistance, see Ship propulsion 

After the lines have been completed, they are 
usually sent to a model basin (test facility) for the 
construction of a scale model and for testing in a 
basin. These tests are generally carried out in still 
water. The power determined from these experi- 
ments represents the power required to drive the 
ship under ideal sea conditions, and allowances 
must be made for many departures from these 
ideals, such as probable rough water performance 
and increased resistance as a result of fouling 
Rough water performance is a matter which has 
not lent itself to precise testing in model basins, 
although much work is being done in this area 
With the new test techniques and facilities now 
available at many model basins, such as the wave- 
making machine at the David Taylor Model Ba^'in 
in Carderuck, Maryland, and the research work 
which is being carried on, designers should soon 
have a better insight into the technical element*' 
of hull form which affect performance in rough 
water. 

Stability of ships. A ship may be inclined m 
any direction. Any inclination may be considered 
as being composed of an inclination in the trans- 
verse plane and an inclination in the longitudinal 










Fig. 3. Diagram of an inclined ship, showing new 
center of buoyancy R\ 


plane of the ship. The transverse inelination is 
railed heel or list, and the longitudinal inclination 
is called trim. In ship calculations each is treated 
separately. 

ff, under the action of wind, waves, or shifting 
wciglits, a ship is itu'lined from a waterline WL 
through a small angle 0 to a new waterline 

show'll in Fig. X the displacement weight is not 
changed. Therefore, the buoyancy force remains 
constant and acts vertically (normal to the water 
surface ) through a new center of buo>an(*y fi\ 

'riic angles W'OW' and LO!/ are known as the 
emerged and immersed wedges, respectivel\. The 
p*»irit M at whi<’h the vertical through the new 
center of htiovancy /?' intcrse<*ts the ship’s center- 
line KOD is known as the metacenter. The height 
of the metacciitcr above the center of gravity is 
termed the metacentric height and is designated 
('•M. The height of the metficenter above the center 
of biioyanc'y B is known as the metai’entric radius 
and is usually designated as BM. The arm GZ 
draw'll through 6\ the center of gravity, at right 
angles to the new vertical through B\ is known as 
tile righting lever or righting arm GZ. The point K 
can he any convenient reference point, but is usu- 
all> taken at the top of the keel amidships. 

The two forces of weight and buoyancy, being 
equal in amount and acting through the centers G 
and B\ respectively, form a couple equal to 
A (displacement) X GZ foot-tons, known as the 
righting moment. If Af is above C, this couple is 
piJsitive and tends to restore the ship to its original 
position. MM coincides with C, there is no righting 
nioment and the ship is in neutral equilibrium with 
no tendency to move in either direction. If M is 
below G, the couple is negative and tends to in- 
crease the inclination until the ship either capsizes 
or reaches a new position of equilibrium. The .ship 
said to have negative GAf when M is below C 
and positive GAf when Af is above G. 

Referring to Fig. 3, it is seen that for .small 
inclinations 

A [GZ) » A (GAf) sin B 

» righting moment, ft-tons 

^here A is the displacement, GZ is the righting 
GM is the initial metacentric height, and 
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B is the small angle of heel (extending up to 10® ). 

Again referring to Fig. 3, it is seen that 

GM = KB + BM - KG 

w’here KB is the vertical height of the center of 
buoyancy above the molded base line (point K), 
KG is the vertical height of the center of gravity 
above the molded base line, and BM is the meta- 
centric radius. 

In order to find the initial metacentric height 
GA/, it is necessary to determine the value of BM. 
Jhe value of KB is obtained by integrating the 
volume of the buoyancy to the .several waterlines 
of a body plan together with the respective vertical 
moments of the buoyancy above the base line K. 
These and other conventional calculations con- 
cerning the displacement and other h>drostatic 
properties of the underwater portion of the .ship 
determine a set of curves. 

It is sufficient, for purpo.se.s of brevity, to accept 
tlie condition that BM is a firm geometric pro^jerty 
of the displaced volume of the ship and the water- 
line at which it is floating. The classic! expression 
for this properly is 

BM = I;, 

where / is the traiisver.se moment of inertia of ihe 
waterline and V is the displaced volume to the 
waterline in question. 

From this relationship, the value of BM is ob- 
tained diiTclIy by calcnlaiion from the hull form of 
the ship. Since KB can he obtained bv direc*l cal- 
culation also, the precise location of M for any 
waterline for any given ship hull form can be 
determined. Thus, the value of KM is readily deter- 
in*-ied hv calculation. The value of A'G, whicrh 
sp cifies the location of the center of gravity, is a 
much more diffirult and illusive problem to solve. 

Unless one has acce.ss to reliable data from other 
.ships, it is difficMilt to make the preliminary weight 
e.slimate and to locate the position of the center of 
gravity of a new ship before detailed plans have 
be’n drawn. After the value of KG has been esti- 
mated. the beam, depth, and draft of the ship and 
its general design features are adjusted, as neces- 
sary, in order to find the location of Af and G 
where the desired stability is attained. 

Metacentrir height. One of the fundamental 
features of any design i.s the metacentric height. It 
should have a value such that it will meet the fol- 
lowing requirements: 

« 1. It must be large enough in passenger ^^hips to 
prevent cap.sizing or an excessive list in case of 
flooding. 

2. It must be large enough to prevent listing to 
unpleasant or dangeious angles if. for example, all 
passengers crowd to one .side of the ship. 

3. It must be large enough to minimize the pos- 
sibility of a serious list under pressure from strong 
beam winds. 

4. It must be small enough to prevent violent 
rolling in waves. 
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The naval architect is confronted with the prob- 
lem of adjusting the principal dimensions and 
characteristics of a design so as to provide enough 
GM to comply with requirements 1. 2, and 3, yet 
not too much* so that requirement 4 is also satisfied. 

Damage stability considerations may occasion- 
ally require excessive metacentric heights. In view 
of this, several formulas have been devised to estab- 
lish the maximum GM that need not be exceeded 
in the interest of safety. One such formula for 
passenger vessels of over SO-ft beam states that 
GM in feet need not exceed the value given by 




in which B is the beam of the ship in feet. 

Longitudinal stability and trim. Longitudinal 
stability is a measure of a ship’s ability to return 
to its position of equilibrium after being inclined 
forward or aft bv external forces. This statement 
is analogous to the definition of transverse stabil- 
ity. Tiira is a measure of a ship’s fore and aft in- 
clination when it is floating in equilibrium, free 
of dn> external inclining foices. It is important to 
understand the distinction between problems in- 
volving stability and those involving trim, since 
both relate to the longitudinal inclination. Stabilitv 
deals with the behavior of a ship when it is tern 
poiarily inclined from its position of equilibrium 
hv external fones. Trim problems are concerned 
with more or less permanent positions of equilib- 
rium assumed by the ship as the result of its par- 
ti( ular internal weight distribution. 

It should be pointed out that the angles generally 
dealt with in transverse inclination are much larger 
than those involved in longitudinal inclination. 
The former are sometimes as high as 30 40^ from 
one side to the other, but in the <*ase of longitudinal 
inclination, angles greater than 10-12® seldom 
o<cur in connection with stability, and the angles 
are seldom ovei 2-3® in trim problems. This means 
that approximations can often be made in the 
longitudinal case which would not be admissible 
in the tiansverse case. 

Stability of submarines. The stability and trim 
of a submarine is a unique problem involving three 
main phases; fl> operation on the surface, (2) pe- 
riod of submergence or surfacing, and (3) under- 
water operation. While opeiating on the surface, 
the stability and trim, and the calculations concern- 
ing them, are the same as those for surface ships. 

The condition during the period of submergence 
can best be understood by keeping in mind the 
fact that while the actual weight of the submarine 
remains unchanged, an amount of buoyancy exactly 
equal to the reserve buoyancy, while the submarine 
is operating on the surface, must be lost (Fig. 4) 
This loss of buovanev i^ brought about by flooding 
the main ballast tanks with sea water. Buoyancy 
below the surface condition waterline is lost, but 
is replaced simultaneously by buoyancy of exactly 
equal amount that was reserve buoyancy above the 
waterline. There is, therefore, a rise in the center 



main ballast 
flood opening 


Fig. 4. Sectional view of double^hulled submarine 


of buoyancy on submerging. The center of gravity 
of the submarine remains fixed and the weight re- 
mains unchanged. 

As the submarine dives, the waterplane (the 
effective area of the surface waterline at which 
the vessel floats on the smface of the water) dis- 
appears and its moment of inertia becomes zero 
so that RM = //F « 0. The metacenter M coin- 
cides with the center of buoyancy B. The sub- 
merged submarine is held uptight by the fart that 
the center of gravity G always lies below the com- 
bined center of buoyancy and metacenter. This 
gives the submerged submarine what is known as 
pendulum stability^ with G always below /?, as 
illustrated in Fig. 5. Any moment of weight foi 
ward or aft of the submerged center of buovancy 
causes the submarine to trim in that direction until 
the center of gravity is directly under the cenlei 
of buoyancy. A small offset may result in a large 
trim angle unless the necessary roirrction is madt 
to the position of G. When the submarine is in 
dined submerged bv some external moment, either 
in heel or trim, there is always a pendulum-type 
restoring moment acting to level it off at an equi 
librium attitude. When the ship is under way, this 
moment is superposed on the hydrodynamic mo 
ments. A submarine in diving trim, that is, in a 
condition so that it can submerge with neutral 
buoyancy and zero trim, must be floating at a par 



Fig. 5. Pendulum stability of submerged submorin* 



ticular waterline such that the volume of the main 
ballast tanks equals the volume of reserve buoy- 
ancy and that the center of volume of the main 
ballast tanks lies directly under the center of 
volume of the reserve buoyancy. See Submarine. 

Ship motion. A ship is considered to have six 
freedoms of motion in a seaway: rolling, pitching, 
heaving, yawing, swaying, and surging. Rolling is 
transverse angular rotation about a horizontal fore 
and aft axis; pitching is vertical angular rotation 
about a transverse horizontal axis; heaving is a 
vertical linear movement of translation; yawing 
IS a horizontal angular rotation about a vertical 
axis, that is, a transverse horizontal swing of the 
bow and stern ; swaying is a transverse linear move- 
ment of translation, that is, a sideways movement; 
surging is a fore and aft movement of ti aiislation. 

Of these motions, rolling is of most concern. The 
next two, pitching and heaving, are of somewhat 
less (‘tmeern, but are still important considers 
turns, especially when attempting to drive a ship 
in a rough sea. 

Large amplitudes of pitching and heaving occur 
when there is synchronism with the period of en- 
(ounter of the waves with the ship. The worst 
motions and the greatest loss in speed are ex- 
jieiienced when the lengths of the waves are be- 
tween about three-quarters of the length of the 
ship and one and one-quarter times the length of 
the ship. For the comfort of the passengers and 
(rew, these motions should be reduced as much as 
possible. However, the only practical action which 
IS feasible is to alter speed or course, or both; 
aside from this, theie is little that ran be done. 

The rolling motion of a ship also is greatest 
when the rolling period is in synchronism with 
that of the waves. This can also be minimized by 
(■hanging course or speed, or both. 

The rolling period of a ship is a function of the 
h#‘am and the initial stability CM of the ship. One 
<»f the cheapest and most effe<*tive ways of increas- 
ing the resistance to rolling is to fit bilge keels. 
The bilge keel, shown in Fig. 2, is a flat surface 
fitted and located along the bilge of the ship and 
iKtimal to the shell. As the ship rolls, the flow is 
interrupted by the flat surface of the bilge keel and 
the water is forced to flow around the outside edge^. 
This force opposes the rolling motion of the ship 
The bilge keel has been shown to be more effective 
in reducing rolling when the ship has ahead mo- 
tion. 

An important roll-reducing development which 
hd*- gained favor is the so-called activated fin. This 
consists of a fin projecting from each .side of the 
‘'hip at a location close to amidships and the turn 
the bilge. The fins have the appearance of 
oalanced rudders, and may or may not be retract- 
*^hle. The action of the fin as a hydrofoil is con- 
^rolled bv an automatic gyrocontrol device. When 
the ship is rolling and has headway, the angle of 
attack on the fin is controlled so as to provide 
•foments which oppose the rolling motion of the 
^hip. Full-scale trials have shown good results in 
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reducing the amplitudes of roll to one-quarter or 
one-half of those experienced without the fins. 

Structural design. After having established the 
principal dimensions, form, and general arrange- 
ment of the ship, the designer undertakes the prob- 
lem of providing a structure capable of withstand- 
ing the forces which may be imposed upon it. The 
hull of a steel merchant ship (Fig. 6) is a complex 
structure, unique in the field of engineering struc- 
tures in that it is primarily a plate structure, de- 
pending for its major (»ver-all strength on the plat- 
ing of the shell, decks, and in most cases, also on 
the inner bottom and longitudinal bulkheads. The 
framing members, each of which has its own func- 
tion to perform, are designed primarily to maintain 
the plate membranes to the planned contours and 
their positions relative to each other when sub- 
jc'^ted to the external forces of water pressure .and 
breaking seas, as well as to the internal fon*es 
caused by the services for which the ship is de- 
signed. Unlike most othei large engineering struc- 
tures, the forces supporting the ship’s hull as well 
as the loads which may be imposed upon it vary 
considerably, and in manv cases, cannot he deter- 
mined aidirdtely. As a result, those responsible for 
the structural design of ships must he guided bv 
established standards. 

Basic considetations. The problem ol the de- 
velopment of a satisfactory structure generally 
involves the following considerations: 

1. It is necessary to establish the sizes of, and 
to combine effectively, the \arioiis component parts 
so that the structure, with a proper margin of 
safel> can resist the major over-all stresses re- 



Fig. 6. Schematic midship section showing structural 
arrangement of ploting ond transverse froming in a 
steel merchant ship. 
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SttkiHg from longitudinal and transverse bending. 

2. Each component part must be so designed 
that it will withstand the local loads imposed upon 
it from water pressure, breaking seas, the weight of 
cargo or passengers, and other superimposed loads 
such as deckhouses, heavy inachinerv, masts, and 
so on. including such additional margin^ as some- 
times may be required to meet iiniisuallv severe 
conditions encountered in operation. See SrRKSS 
AND strain; SlRUnCRAI DLUKTIONS. 

Rules of rlassifiration societies. The \arious 
classification societies have continued to modify 
and improve their rules to keep pace with the 
records of service experieni’C. an increasing 
amount of research, and the constantly growing 
understanding of the scientific principles involved. 
In the modern rules of the societies, the designer 
has available to him foriniilds and tables <if scant- 
lings. dimensions <if framing shapes, and thick- 
nesses. Th«*se are directly applicable to practically 
all the ordinary types of sca*goiiig merchant ves- 
sels being built today, and contain a flexibility of 
application to vessels of special types 

The design of structural features of a met chant 
ship is greatly influenced b> the rules of classifica- 
tion societies; in fad. the principal scantlings of 
most merchant ships are taken direclK from such 
rules. Scantlings are defined as the dimensions and 
material thicknesses of frames, shell plating, deck 
plating, and other structures, together with the 
suitability of the means for protecting openings 
and making them snffic ientlv watertight or weather- 
light. The < lassifit ation society rules < ontain a 
great deal of useful information relating to the 
design and construction of the yarioiis ceimpement 
parts of a ship’s striidiiie. Scantlings can be deter- 
mined diiec’tly from the tables ghen in these publi- 
cations. In many cases, a good conception of the 
iisuaL “good- practice” construction can also be 
gleaned from the sketches and descriptive matter 
available from the c lassificaticm societies. See 
Ship, mfrc hant. 

Load lines and freeboard. The limitations on 
the drafts of passenger and cargo ships have been 
imposed bv the International Conventions on 
Safety of f.ite at Sea ( 192Q, 1948) and the I,oad 
Line Convention (1930), and have been established 
by law. Load lines, or drafts, must be marked on 
each '^ide at rnidleiigth of the summer load line of 
the ship, with a particular form of mark also es- 
tablished by law. The marks show the deepest 
draft to which the vessel may be lawfully sub- 
merged in salt or fresh water, and in various zones 
and seasons of the year. 

Freeboard. The fundamental part of these regula- 
tions involves freeboard, which is the distance 
measured vertically downward from the upper edge 
of the deck line to the upper edge of the summer 
load line. The de. k line is defined as the line of 
intersection of the top of the freeboard dec'k amid- 
ships with the outer surface of the side plating. 

In the determination of freeboard, there are 
three principal consideiations: 


1. Thi* geometry of the vessel; that is, the shape 
and dimensions of the watertight hull and weather- 
tight superstructures. 

2. The structural strength of the vessel and pro- 
visions for making the hull strong and tight. 

3. The standard of subdivision in the case of a 
passenger vessel; that is, the degree to which the 
vessel is subdivided into compartments hv means 
of watertight bulkheads and decks, and the mimhej 
of compartments that in damaged condition ma> 
he flooded before reserve buoyancy and stability 
disappear. Reserve buoyancy is the volume or 
potential buoyancy of the watertight structure of 
the vessel aboye the load line. 

The minimum freeboard permissible fioni the 
first two considerations is computed from a booklet 
(‘oyering the load-line regulations of the United 
Slates. This minimum freeboard can be achieved in 
piai’tice only if the standards ol striic'tural stiength 
and protection of the otienings aie fuliv conqilic'd 
with. If the stiength of the ship is less than stand- 
ard, the Ireehoard must he increased accent dingU 
In the case of a classed vc*ssel, the strength stand 
aids of the \inc»rican Bureau ol Shipping and 
other (classification so('M*lic*K are acc epted. 

The third principal consideration. siihdjMsjon 
applies only in case the vessel is designed to cany 
more* than 12 passengers. When the siihdiyisiorr 
draft IS less than the draft c*orrc*sponding to the 
minimum freeboard ohtainc*d from the load line 
legiilations. the subdivision draft becomes tic 
inaxiiniiin permissible draft. The subdivision diati 
is the draft to which the* standard of wateitiglii 
subdivision f(»r passenger ships is keyed, that is 
the spacing of watertight transverse bulkheads is 
a function of a specific limiting draft, dc'signated 
the subdivision draft. 

Tonnage. As vessels grc’w in si/p, they \arud 
grc*atl> in dimensions. Some were long and narrow 
and some short and wide. Some were shallow, and 
some relatively dcTp. It developc'd that the length 
or even Icmgth and breadth, did not adequately 
express the relative size of vessels, but that si/e was 
a matter of carrying capacity. Tonnage measure 
merits go bac’k to the early Egyptian. Phoenician, 
and Chinese times. There was confusion as to 
whether to express carrying c'apaciiy in cubic 
measure or weight, and this c'onfusion persists to 
some extent even to the present day. It has onlv 
bc*en since about 1860 that the word “tonnage’ 
has been genf*rally accepted as a measure of cubw 
capacity or volume of the vessel in units of RW 
ft\ Tonnage is a term applied to the internal vol- 
ume of a ship in tons of 100 ft^ 

Gross tonnage is the entire internal voliinu^- 
except for certain exempted spaces. Net tonnagi* 
is the tonnage remaining after the nonearning 
spac’es, such as machinery spaces and crew spaces 
have been deducted from the gross tonnage. Net 
tonnage was originally intended as a measure of a 
ship’s earning ability, and is the basis upon which 
tolls for canal transit, port charge, and so on 
calculated. 



All of the principal inaritime governments have 
their rules describing how tonnage is to be meas- 
ured. The Suez and the Panama Canal authorities 
aJs(» eac h have their own rules. 

Safety of life at sea. The safety and welfare of 
passengers and crew, the provision of adequate life- 
wa\ing appliances, and the like, in all ships are 
undei government jurisdiction. The safety regula- 
tions rejiresent the accumulated experience and 
the lessons learned from many serious casualties 
in\*»l\ing loss of life which have occurred to ships 
at ^ea, including such major accidents as the loss 
of tht Titanic in 1912 and the burning of the Morro 
( astle in 1934. Since shipping is largely an inler- 
naiional business, it is necessary that safety regula- 
tions be international in character. The Safety of 
Lift at Sea Conventions of 1914, 1929, and 1948 
and the Load Line Convention of 19.30 represented 
niaior steps toward improvement in safety of life at 
•^ea 

'standards of subdivision. If the iinderv tier shell 
of a ship is torn open by collision or other cause, 
that portion of the ship which has access to the sea 
will fill with water to the level of the sea outside. 

I Ills will dffe<t the sinkage and tiim and the 
lidfisverse stabilit\ of the ship. 

riie ship settles hodilv into the watei by an 
unuunt which will depend on the quantitv of water 
wlinh enters the ship. At the same time, unless 
ilir flooded compartments are near amidships, the 
dnt» will tiim by the bow or bv the stern as the 
(.ise ina\ he. If the flooding is not symmc*triral 
aho.il the tore and after c'enlerline, the stiip will 
take a list to port or starboaid. The effect of sit k- 
a,;« tiim, and list mav he to reduce the freeboard 
t«» the deck to which the watertight bulkheads aie 
• allied 11 this deck is brought below the level of 
thf sea, water may enter the undamaged compart- 
iiifiits and cause progressive flooding until the ship 

's lost. 

The flooding of one or more compartments will 
generallv change the transverse stability of the 
sliip. 'Fhe net effect may be either a gain or loss of 
‘'tahilitv. depending on the proportions of the ship 
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and the length of the flooded spaces. If there is a 
loss of stability, the ship may become unstable and 
lake a severe list or even capsize. 

^ The prevention of foundering, loss due to bodily 
sinkage, or capsizing lies in fitting transverse bulk- 
heads so spaced that the leakage water is confined 
to an amount which will not sink or trim the ship 
sufficiently to immerse the tops of the bulkheads, 
and so that the lost waterplane is c^onfined to an 
extent which will not cause sufficient loss of stabil- 
ity to result in an excessi\e angle list. The 
amount of the leakage water also depends on the 
permeability of the spac-e. 

Permeability of volumes. Permeability (/i) refers 
to the extent to wdiicfa leakage water c an permeate 
flooded spares. It is expressed as a percentage of 
the total volume. For instance, an empty hold can 
take neatl> its entire volume of sea water, the only 
water-excluding space being the structure of the 
ship itself. Th»' permeability in this compartment 
wotild be about . At the oiher extreme,* a 
ballast lank enlirelv filled with water would not 
admit anv sea water if opened to the sea: its 
permeability would be zero. Spaces used for vari- 
ous purposes may have anv degree of permeability 
between these two extremes. 

It is (ustomarv to use an average of peimeability 
for each of the thiee major divisions of a ship: 
fl) the spaces forwaid of the machinery spa<*e. 
(2) the machinery spaces, and (3) the spaces aft 
of the machiner> space. 

Sparing of bulkheads, Fii»m the point of view of 
safety when flooded, very long compartments may 
be a menace; if the bulkheads were exliemelv far 
apait. the ship might be unable to survive any 
damage beyond that with which the pumps could 
cop« On the other hand, however, having closely 
spaced liulklieads mav interfere with cargo han- 
dling and stowage, passenger ac commodalions, and 
machinery arrangements: if the bulkheads aie 
extremely close together, the ship might be rcc 
deied useless from a commercial point of view. 
Somewhere between lies the proper spacing of the 
subdi*'ision bulkhead. 


general data* 


length between 


perpendiculars 

528' 0- 

breadth molded 

76'-0" 

depth molded 

44'-6'' 

depth 2nd deck 

35-6 ' 

draft molded 

29'-9" 


permoubilities: 
forward fJ- 0 63 

aft fj. 0 63 

machinery 

space f-L 0 80 



^*9 7 Subdivision diogram and floodable length curve. 
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At the Safety of Life at Sea Conventions of 1929 
and 1948, a system of regulations and formulations 
was set up whereby the spacing of subdivision 
bulkheads of sea-going ships carrying more than 
12 passengers is fixed by a standard of comparison 
to the floodable length. The fioodable length is 
shown in Fig. 7 as a curve drawn upon the profile 
of a ship in which, at each point, the ordinate 
equals the maximum portion of the length of the 
ship, having its center at the point in question, 
which can he flcNided without the ship being sub- 
merged beyond the margin line. 

Legislation now in force for safety of life at sea 
deaK with many other matters in addition to sub- 
division. The broad principle, with regard to loca- 
tions of watertight bulkheads upon which the Con- 
vention regulations are based, is that the minimum 
standard for passenger ships shall be that a ship 
shall be capable of floating with anv one compart- 
ment flooded. This standard is increasc^d as the 
length of the ship is increased. A closer spacing of 
bulkheads than that which would give a one com- 
partment standard is adopted in the longer ships. 
It is aKo reasonable to iin rease the standard of 
safet> in ships carrying a larger number of passen- 
gers than in those carrying a few passengers. Thus, 
bulkhead ^fiacing is reduced as the ship becomes 
more and more a passenger ship. 

When dealing with the problem of flooding, it is 
important to ensure that the ship has ample stabil- 
ity. One of the provisions of the Convention is that 
the stabilitv of a new ship shall be tested by an 
inclining lest after completion. 

There are also regulations concerning precau- 
tions against fire In passenger ships, the risk of 
file spreading throughout the ship is reduced b> 
dividing the ship into vertical zones by means of 
fire-resistmg bulkheads spaced not more than 131 
ft apait. 

Kegulathuis of the U.S. Coast Guard govern the 
safety features of ships carrying the American 
flag. These regulations are moie stringent in many 
instances than those of the International Conven- 
tions. The (]oast (»uard regulations are largely 
based upon Senate Report 184, which followed the 
loss of the Morro Casth in 1934. 

Warship design. Merchant ships are designed 
principally for civilian use, while warships are 
designed fi>r military use. Both, of course, must 
be designed to meet their specified requirements 
in the most efficient manner possible -one for 
commercial efficiency or profit, the other for mili- 
tary or combat efficiency. 

The attainment of such efficiency is a matter of 
technical knowledge and organization. In the 
United States, the Bureau of Ships of the Depart- 
ment of the Navy is the tei hnical bureau respon- 
sible for the design, construction, and maintenance 
of naval ships. The Office of the Chief of Naval 
Operations prepares the characteristics and deter- 
mines the missions for new naval vessels. 

As in the case of a merchant ship, the most 
efficient warship is one in which the desired capa- 


bilities are obtained in the lightest ship of smallest 
practicable dimensions. Materials of high strength, 
efficiently arranged, are used in order to reduce the 
hull and machinery weight as much as possible. 
Thus the necessary military offensive and defensive 
equipment is allowed the remaining permissible 
weight to the greatest possible degree. Ship design 
is, then, a matter of balancing the need against the 
cost of attaining it to decide whether the resulting 
ship can meet its competitors on an equal or better 
status. See Hydrodynamics; Hydrofoil cram; 
Ship, naval. fj.f.N.] 

Bibliography: D. Arnott (ed.). Design and Con- 
St r lid ion of Steel Merchant Ships^ 1955; L. Att- 
wood, H. S. Pengally, and A. J. Sims, TheoretUal 
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kle. Modern Naval Architecture^ 1956; H. E. Ro**- 
sell and L. B. Chapman (eds.). Principles of Naval 
Architect are, 2 vols., 1939; Soc. Naval Architects 
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1945; 1). W. Taylor, The Speed and Power of Ships. 
rev. ed.. 1933; W. P. A. Van Lammeren, L. Troost 
and J. G. Koning, Resistance. Propulsion and 
Steering of Ships. 1948. 

Ship propulsion 

The earliest propulsion of boats and vessels by pad 
dies or oais was ^cTceded or augmented by the 
use of sails. Prfwer propulsion, using paddle 
wheels, began in the early IBOOs when the steam 
engine was adapted to marine use. .Screw propel 
lers came into use about 1850 and offered great ad 
vantages ovei paddle wheels. The diesel engine de- 
veloped lapidlv after 1892 and now supplies a 
large portion of the horsepowei for ship piopiil- 
sion. Nuclear power has been successfully used 
for both submarine and surface ship propulsion 
and appears to offer great possibilities for future 
development. 

This article dis«‘usses resistance of ships, model 
testing, powering of ships, ship vibrations, steering 
and maneuverability of ships, and ship trials. Fur 
related information see Hydrofoil craft; Marini 
lngine; Marine machinery; Propeller, marine; 
Reactor, shipbuilding; Ship design; Surma 

RINE. 

Resistance of ships. In order to move a ship 
through the water, resistance must be overcome. 
The total resistance of ships to propulsion is made 
up of skin frictional resistance, wave-making resis- 
tance, eddy resistance, and air resistance. These 
various types of resistance vary with speed, as well 
as with form and condition of the hull. 

Skin frictional resistance is the drag of the wa- 
ter on the surface of the ship’s hull, and it is gen- 
erally the largest factor in the total resistance. 
Wave-making resistance occurs as a result of the 
energy required to set up the system of waves 
around the hull as the ship moves through the, w^ 
ter. This type of resistance is usually the second 



largest, but for high-speed ships may be the largest 
(actor in the total resistance. Eddy resistance r^ 
(crs to the resistance created by hull appendages, 
such as struts, as they move through the water. It 
is distinguished from turbulence eddies near the 
ship’s hull which are associated with skin resist- 
ance. For a well-designed ship, eddy resistance is 
a minor factor. Air resistance is the term applied 
to the total resistance offered by the air as the ship 
moves. It varies with conditions but is not a major 
factor. 

For a general understanding of the resistance of 
ships to propulsion, consider first conventional 
ships, meaning those which proceed through the 
water as opposed to hydrofoil craft, which skim 
the surface, or submarines, which travel beneath 
the surface. The area of that part of the hull of a 
ship which is immersed and in contact with the wa- 
ter is called the wetted surface; it is a significant 
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factor in resistance of all ships at all speeds. 
I.en^h is also an important factor in determining 
both resistance and the maximum speed at which 
a conventional ship can be driven economically. 
For example, the resistance to propulsion per ton 
of ship is very nearly the same for the longer SS 
Unued States at 3.5 knots as for the shorter Coast 
Guard cutler Ingham at 20 knots. Under such 
conditions these two ships are traveling at corre- 
sponding speeds, that i.s, speeds proportional to the 
square roots of their lengths. The ratio V/VL, 
where F js speed in knots and 1. i.- the length of 
the hull at the waterline in feet, is called the 
speed-length ratio and it is the same for both ships 
at (Corresponding speeds. 

The relationships which exist between speed, 
resistance to propulsion, length, and weight of con- 
ventional ships of various sixes may be shown on a 
single graph (Fig. 1). Ft may be noted in Fig. 1 



spaed in knots dividad by the squora root of ship's wotarlina length in feat 


baiw represantatlon of the relationship 

ufta* L*” resistance to propulsion, length, and 

*9 t of 0 ship. (U.S. Coast Guard) 
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that all bhip«i plotted tall near a single smooth 
curve. It will also be noted that large cargo vessels 
with great carrying capacity, ruggedness, durabih 
itv, and economy oi operation all fall at the lower 
left of the cur\e. At the other end of the scale are 
lightly constructed vessels with shorter life ex- 
pectancy, little carrying capacity for their size, 
and high cost oi operation. In general, as the curve 
ascends, the weight, size, and cost of the propelling 
plant hec'ome an increasingly greater part of the 
total weight, size, and cost of the whole ship. For a 
given type ship, cost considerations make it im- 
practii al to go above some point on the curve. For 
cargo vessels that point is well down on the curve. 
\ passenger ship must move faster to be success- 
ful, so it can afford to move up the curve above 
the cargo vessel. Near the top of the curve are 
naval \essels whose speed is one of their most im- 
portant ihdiacteristics. 

Rt'ynolds number. In 1883 Osborn Reynolds in- 
troduced a dimensionless ratio bearing his name 
that finds important application as a criterion in 
fluid-flow work. The Reynolds number is the ratio 
of the inertia force to the viscous frictional force 
in a fluid system. It is c'ommonlv written F/^p//i, 
where V is a typical velocity of flow, L is a tvpical 
length, p is the density of the fluid, and /i is its 
coeffii'ienl of absolute yisM^sity. Since skin fric- 
tional resistance particularly involves both of the 
forces whose ratio is expressed by the Reynolds 
number, this cTiterion has special application to 
skin resistance (s»ee Riyncjlds ntmeek). 

Froude number, I'he waves created by the mo- 
tion of a surface ship or model introduce gravity- 
lestoiing forces. It is thus apparent that the 
acceleration of gravity is one of the govei ning varia- 
bles where wave-making resistance is involved. The 
Fronde number, introduced bv William Froude, is 
a dimensionless ratio of inertia force to gravity 
force, which finds important application as a cri- 
terion in suih cases The ratio is commonly written 
V /VgA, where g is the a^ celeration of gravity and 
y and L are as indicated for the Reynolds num- 
ber. When testing a surface ship model in a tow- 
ing lank, the value of the Froude number for the 
model must be kept the same as for the full-size 
ship. See Froude number. 

Origin of ship waves. The pressure whic'h exists 
at a submerged point ahead of a ship which i«^ mov- 
ing steadil> ahead in still water is directly propor- 
tional to the depth of the water at the point. As 
the ship approaches the point, the water is dis- 
turbed and pressure variations occur. If the point 
is well submerged, the pressures are everywhere 
exactly balanced by opposing pressures from ad- 
loining layers and there will be no lendeiicv for 
vertical movement of water at the point. At the 
surface, however, the upper layer is not acted upon 
bv an adjoining water layer and the unbalanced 
pressures from below cause upward accelerations 
of the water. At higher speeds of the ship, greater 
pressures are created and greater upward accelera- 
tions occur. As the ship continues ahead at a steady 


speed, pressures and velocities of the water con- 
tinue to vary in accordance with Bernoulli's prin- 
ciple; that is, as velocities increase, pressures 
decrease (.see Bernoulli’s theorem ). With de- 
creasing pressures, as the bow cuts through the 
water, downward accelerations are produced and 
the water, due to its own inertia, will overtravel, 
thus producing a phase lag. The net result of these 
actions is to start a bow wave train. The crest of 
the bow wave train becomes higher and further 
abaft the stem as the speed of the ship increases 

Figure 2 shows the general characteristics of a 
bow wave train as sketched by Froude. Note thal 
succeeding waves along the length of the ship arc 
of dec reasing height but of approximately the same 
Icmgth as the initial how wave. Wave length is di- 
rectly related to wave height and varies with the 
speed of the ship. 

Froude reasoned that ju*-t as the bow wave train 
starts with a erest due to the increased pressuics 
in the vicinity of the bow, so should a stern wa\c 
train start with a trough due to the decrc'ased pres 
sures in that area as the water rushes in to fill the 
spai e behind the moving ship. Since the length of 
the bow wave varies with the speed of the ship, it 
appears that succeeding waves along the length of 
the ship may arrive at the stern in such phase as 
to accentuate the trough of the stern wave train ♦ 
or they may arrive in some opposing phase. This is 
illustrated in Fig. 3 where, in the upper sketch 
the profile of a shu) and bow wave are shown a*- 
well as the initiaf undisturbed stern trough The 
ship in this sketch has an imaginary parallel 
middle body of sufficient length to permit the disap 
pearance of the bow wave train before it reache^ 
the stern trough. In the lower sketch the actual 
ship and wave profiles are shown and, for this case 
the resulting accentuated stern trough is indicated 
At other speeds the phase relationship would van 
and the stern trough would be reduced lather than 
accentuated. 

The ship waves considered here should not he 
confused with ocean waves which are created hv 
the effects of wind. Such ocean waves also signifi 
cantly affect the resistance to propulsion of ships 



Fig. 2. Froode’s sketch of characteristic bow wave 
train. (From H. E. Rosse/f and L. B. Chapman, Principl^^ 
of Naval Architecture, vol, 2, See. Naval ArchUnds 
Manna Engrs,, 1939) 
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Fig 3. Natural stern wave train and wave interfer- 
ence. (From H. E. Rosseil and L B. Chapman, Principles 
of Naval Architecture, vol. 2, Soc. Naval Architects 
Marine Engrs,, 1939) 
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Resistance of surface vessels. The total resist- 
ance to propulsiun of surface ships is a function of 
both Ke>nolds number, which governs skin friction 
lesistance, and Froude number, which govetns 
wave making resistance. Hence, correlation be- 
tween the total rcsistanc'p of a ship and that of a 
geometric allv similar model can be cffec*ted only 
il both the Revnolds number and the Froude num- 
ber are made ecjual In geneial, this is impossible 
to d( iiieve since the controlling variables would de- 
mand that the model be moved faster for the same 
Re>nolds numbers and slower for the same Froude 
numbers In piactice the model is towed at speeds 
1 01 responding to those of the full-si/e ship and the 
total resistance determined. 

In 1932 K. E. Schoenherr plotted the test data 
iiom many earlier authoiities on a single graph 
and drew a smooth average curve through them 
(.houe oi his foi mutation and fric'tion coefficients 
oi those of other authorities gives results which 
\ar\ somewhat, all of which indicates the c'omplex- 
ii' of the problem and its experimental rather than 

icntifically exact nature. Continuing efforts to- 
ward better utilization of the work of authorities 
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in model work in different c*ountries are reflected 
by the agreements reached at the International 
Towing Tank Conference in Madrid in 1957. 

Resistance of submarines. When submarines op- 
erate on the suifuc^e, the principles whic*h apply to 
surface vessels are used foi the determination of 
resistance. When sufficiently submerged, so that 
wave-making lesistance becomes negligible, in- 
ertia and viscous fiictional forces aie involved and 
the Reynolds number applies. The remaining re- 
sfsidnce of deeply siibmeiged submarines does 
not c hange with speed since wa>c*-making resistance 
is not involved and the flow pattern remains the 
same at all speeds. 

Model testing and towing tanks. The reliable 
prediction of resistance to propulsion of a full- 
size ship from model tests requires thorough ap- 
preciation ol the many factors involved as well as 
rehned techniques, llncertaintic's of vaiying mag- 
nitude, particularlv in self-propelled modeU, mav 
arise even with very careful woik Laiger models. 
20 ft or more in length, rather than smaller types, 
4-6 ft in length, mav be used to advantage in le- 
diu ing the uncertainties. 

Towing tanks for testing ship models and for 
other purposes have been in use at vaiious loca- 
tions thioughout the woild since about 1872. Manv 
new tac ilities have been addc'd since Woild War II 
as a result of a world-wide inc lease in lesearch 
activilv For example*, 25 new towing tanks in ad- 
dition to an c*ven larger number of various tvpes of 
basins, water tunnels (use 3 piimatilv foi testing 
propellers), and flow channels aie undei construc*- 
tion or have been completed in various countries 
since World War II, 

One of the world's most extensive testing facili- 
ties is at the David Taylor Model Hasm at Cai de- 
rock, Md., near Washington, D.C. (Fig. 4). These 
facilities are primarily used to serve the ship de- 
sign needs of the D.S. Navv, but aie accessible to 
commercial iiiteiests upon payment of cost. Other 
such facilities, serving the needs of both naval and 
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•9 4. David Taylor Modal Basin-— aerial view of 
9founds and buildings. The long building houses the 
basins described In the text. (U.S. Navy) 
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commercial <ihipping, are found in several locations 
in the United States as well as in many other coun> 
tries of the world. The low-speed towing tank, or 
deep-water basin, at Carderock is 277.*) ft long, 51 
ft wide and 22 ft deep. The high-speed basin is 
2968 ft long, 21 ft wide and 10 ft deep for pait 
of its length and 16 ft deep for the remainder. 
Ship models are fastened to, and controlled from, 
metal towing carriages. In addition, the installa- 
tion at Carderock contains a shallow-water basin, 
a turning basin, a test pond, a circulating water 
channel, variable- pressure water tunnel, wind tun- 
nels, shops, ofhccs, laboratories, and miscellaneous 
buildings. See Towing tank; Wakr tunnii 

Figure 5 shows a model of the rotating arm and 
maneuvering basins at the David Taylor Model 
Basin, completed in 1959. Such facilities are used 
to study the course-keeping or steering and turn- 
ing qualities of ships by model tests. Seakeeping 
qualities are also studied. Means arc provided for 
producing not onlv regular head and following 
waves, but also irregular and short-crested waves 
at various angles of encounter. Facilities of this 
type are also found in other leading maritime na- 
tions of the world. 

Powering of ships. Many methods have been 
used to estimate the power required to drive a 
gi\en ship at a given speed Early methods were 
empirical in nature. However, the earlv assump- 
tions that lesistance is wholly frictional and that 
power yaric’s as the cube of the speed were fair ap- 
proximations, since most earlv ships were of slow 
speed and ordinary proportions Tn England a 
method which is referred to as the admiralty coeffi- 
t lent methcMl continues to he used. This method 
also assumes that resistance is all frictional but 
does not use wetted suiface directly. In the United 


States the admiralty coefRcient method is often 
used for preliminary estimating. For all ships, and 
particularly those of higher speeds and fine (slen- 
der) proportions, the more accurate and generally 
used method is to determine the resistance of a 
model, oi similar ship, and then deduce the resist 
ance of the ship in question by application of 
Fronde’s law of comparison. In the case of similar 
ships, if trial results are known for one ship, then 
the power requirements foi another similar one 
may be deduced by utilizing the trial results in the 
same manner as model results are used. 

Marine engineering equipment. In propulsion 
of a ship, the total resistance is most commoriK 
overcome bv using a power plAit to turn a siiua. 
ble sc lew propeller, though in the case of suilmit 
vessels the resistance is overcome by the action «»f 
ihe wind on sails. Marine power plants, like powei 
plants on shore, are designed to meet the partu n 
lar problem at hand Many factors are considered 
in selecting the type of equipment to be used, in 
c hiding the size and speed of the ship, the purpose 
for which it will be used, the weight and initial 
cost of the machinery, the space occupied, teliahil 
itv, fuel consumption, maintenance cost, and llie 
c haractenstios of the proptdler to he used For an 
extended discussion of varicuis types (»f niaiirn 
power plants and equipment, yec Marinf FNCJNr 

MaIUNI' MA(1IINFR\ 

Ship vibrations. Like othei Stnu tines a ship<« 
hull will vibrate ^ subjected to an exciting force 
When the frequenc y of the exciting force is c'qiial 
or nearly ccpial, to c»ne of the natural frequencies 
of the ship, a condition of resonance occurs and 
the resulting vibration may be very noticeable and 
iindc'sirable. The hull may yibiate as a whole in 
either a vertical, horizontal, or torsional fashion 



Fig 5. Aichitect's model showing arrangement of and seakeeping basin (left) of the David Tdylpr Msd«l 
the rototing arm bosin (right) and the moneuvering Basin. (Dovid Taylor Modal Basin) 






yr in a combination of these. In addition, the vari- 
ous parts of the ship all have natural frequencies 
vrhich make local vibrations possible and probable. 
These include drumhead-type vibration of bulk- 
heads or vibration of the light upperworks of the 

ship. 

Exciting forces for the production of ship vibra- 
tiiins commonly originate with the propellers or 
with the operating machinery. The frequency of 
vihralion does not necessarily equal the speed of 
rolation f»f the propeller or some item of operating 
machinery; it may be some multiple or combina- 
tion of multiples of such speeds. Vibration-generat- 
ing equipment which is capable of operating at 
various freMiuencies and amplitudes is useful in the 
l(M'alion and correction of hull vibrations. For more 
details on causes and cures of vibrations, see Me- 
vibration; Vibration; Vibration daivii*- 

i\(.. 

Steering and maneuverability. For turning and 
coiiise-kecping. ships arc commonly equipped with 
a rudder located at the stern, its midposition being 
ill the vertical centerline plane. When the ship is 
Tinning straight ahead and the rudder is moved and 
lield at some angle from its mid position, the force 
c\»Tt(‘d by the nidde^r causes the ship to turn abcnit 
a vertical axis, to change trim alMiul a transverse 
'd\K and to heel over about a longitudinal axis. 
The turning is the most obvious effect, though heel- 
ing is easily observed at high sp<‘eds. With steady 
engine s|)eed the center of gravity (CG) of the 
sliip traverses a path which becomes ciri'iilur as 
siMui as the turning becomes uniform, as ind legated 
in Fig. 6. 'Phe diameter 2R of the turning circle, 
the advance, and the transfer, as shown in Fi^ 6. 
all vary with rudder angle and speed of the ship. 



^*0- 6. Turning path of ship. 
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For the same rudder angle llic diameter of the 
turning circle is less at lower than at higher 
speeds. At full speed and maximum rudder angle, 
the diameter of the turning circle varies with the 
type of ship and rudder but is commonly four to 
six times the vessel’s length. 

Ships are said to be directionally stable or un- 
stable according to the size of the force (due to 
rudder angle) required to maintain a straight 
cfMirsc^— the smaller the rudder angle required, the 
more stable the ship. Referring to Fig. 6, the iiil- 
lial effect of applving right rudder is lo push the 
ship hfidily left, away from the intended direction 
of turning. As the rudder force continues to act, 
the turning moment forces the water pressure dis- 
tribution around the hull to he altered. This altera- 
tion produces a resultant or net pressure force on 
the hull which acts either to assist or to resist the 
turning of the ship. It assists the turning if its ef- 
fect ivo point of application is forward of the cen- 
ter of gravity of the ship; if aft of the center of 
gravity, it resists. The latter i-ase is the more' di- 
rectionally stable since in resisting the turn the 
ship tenils to maintain u straight course and is 
hetler able to do so with smaller i udder angle than 
if direclioiidlly unstable. 

Muneijverahilily is much affected by the number 
of screws a ship carries, twin screws having great 
advantaf;.e over a single screw. In addition, maneu- 
verability is more important in some ships than in 
others, the demands of the partieular service being 
a determining factor. For example, merchant ships 
operate on long runs whic^h reipiire little maneu- 
vering, while warships should he able to maneuver 
readily. 

Factors affecting steering . Steering of a ship is 
assisted by high length-breadth ratio of ship, low 
len^ih-drafl ratio, trim (greater draft) by the 
sleiii, a rudder of large ar ia lorated in the propel- 
ler sli|) stream, a smooth sea, and deep water. In 
shallow water, the under-hull pattern of flow is dis- 
tiirbed, making steering erratic. Ocean waves often 
affect steel ini; adversely and, lo meet incipient fall- 
offs from the cour.‘^e- early and quick rudder action 
is m sary. 

Wiih rudder applied to a moving ship, the net 
resultant pressure on the two sides of the rudder 
acts at the center of pressure. Because of fluid fric- 
tion the resultant pressure is at a slight angle from 
the normal to the plane of the rudder and may be 
broken up into two components, one of which is par- 
allel and the other normal to the direction of mo- 
tion of the ship. The parallel component is called 
tht drag while the normal or effective steering com- 
ponent is called the lift of the rudder. The lift of 
a rudder is influenced by area, area orientation, 
and rudder angle; rudder outline or shape has 
less influence. For rectangular rudders the ratio of 
the depth (span) to the width (chord), the latter 
being the dimension in the direction of water flow, 
is called the aspect ratio. For other rudder shapes 
the aspect ratio is the ratio of the square of the 
span to the lateral area. Tests demonstrate that lift 
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Fig. 7. Semibalanced rudder for twin-screw ship 
(From H. f. Rossell and L B. Chapman, Principles of 
Naval Architecture, vol. 2, Soc. Naval Architects 
Marine Engrs., 1939) 

of rudders of tlie same si/e varies <*onsiderablY 
with aspect ratio. 1'he greater the a«5peel ratio the 
smaller the critical angle, or angle at which the 
flow pattern on the downstream side of the i udder 
( hunges from streamlined smooth flow to irregular 
turbulent flciw, with resulting fall-off in lift. Rud- 
ders are noimalh designed to be most effective at 
1 udder angles of 30 35”, and their range of motion 
is ii<!uallv limited to these values. 

Ruddir types, A rudder is said to be balanced 
when the location of the center of pressure <oin- 
<*ides with the turning axis of the rudder. Since the 
position of the center of pressure shifts with i ud- 
der angle, thorough balance for all angles is not 
attained. Common practice is to design for balance 
at 15” rudder angle, thus reducing power require- 
ments for the steering engine. In ships with a 
ciuiscr-tvpe stern, a semibalanced rudder (Fig. 7) 
is sometimes used because it fits the design well. A 
rudder which is balanced for the ahead direction 
will be greatly unbalanced for motion astern, and 
maximum rudder torque may occur when going 
astern. 

Figure 8 ehows a spade rudder as installed on a 
single-screw passenger ship. The rudder stock of 
this type rudder, having no support at the bottom, 
must withstand bending as well as torsional stress, 
necessitating a heavy design. Twin rudders of this 
type are sometimes installed on twin-screw ships, 
one in each propeller slip stream; such an instal- 
lation gives good maneuverability at all .speeds. 
They are also u«ed in multiple, both ahead and 
astern of propellers, on river towboats where great 
steering power is required. There is no fixed rule 
for determining area of rudder since requirements 
for maneuverability vary widely with different 


types of vessels. The selection is made by compari- 
son with similar vessels of desirable and proven 
maneuvering qualities. 

Automatic steering devices. Because the gyrocom- 
pass is more sensitive in detecting initial deviations 
from the course than is the human eye, automatic 
steering devices offer an improvement over hand 
steering. The improvement may be greater than 
sometimes realized, since reduction of rudder drag 
reduces fuel used, reduction of rudder angle re- 
quired reduces the work of the steering engine, 
and reduction of deviations from course redu<es 
distance traveled. .See GvROCOMPAhs. 

Backing power of ships. By international law, 
oceangoing ships have for veats been required to 
have sufficient power for astern operation to secure 
proper control of the ship in all normal circum- 
stances In addition, maximum safe speed under 
conditions of reduced visibility is an important op 
crational consideratiim and is closely related to 
stopping ability. The problem varies with tvpe of 
power plant. For example, reciprocating steam en 
gines offer excellent stopping and maneuvering 
ahilitv since they can be quickly reversed and ( an 
apply full-power torque at anv shaft speed from 
full ahead to full astern. Direst- or ge*aresl-(lii\( 
diesel reversing engines have nearlv equal lonpic 
tharac teiistics lor ahead or astern opeialion. Witli 
the ship underway, however, special arrangements 
for changing the direction of engine rotation must 
be made because of the drag or opposing torque 
of the piopellei.<'f)iesels or turbines with ac or d< 
electric drives show variable characterisilc s ji 
cording to the {larticular power plant, and llieii 
stopping and maneuvering characteristics range 
from good to excellent, (beared turbine drive power 




Fig. 8. Spade rudder. (From H. £. Rossoll ond L 
Chapman, Principles of Naval Architecture, • 

Soc. Naval Architects Marine Engrs,, 1939) 




pi lilts are the most (ommon type of steam plant 
loi ships and they are usually designed to produce 
80 t of normal ahead torque at an astern propeller 
^pied of 50% of normal ahead speed 

\(ttial tests of the geared tuihine drive plant on 
file U 100 ton tanker E&so Suez deinonstrattd that 
j| the engines were put full astern while going 
ihead at 17 knots the ship traveled nearly 1 nauti 
( d mde before stopping This and other test** 
•^how that cpiu k stopping ability from highei ahead 
speeds f«»r vessc Is of low resistance pel scpiare foot 
of midship area is not possible e\en with large 
backing power It appears therefore that head 
leuh alone i'* not the best criterion for detennina 
ti(»n of barking pow^i since it ma\ depend mote on 
the l\pe of vessel than on astern powei Maneu 
veidbilitv aiound docks and ability to stop in pilot 
w Iters from rnednim ahead speeds ate better cri 
tem It should also be noted thit application of 
linking |iowei to a propeller shaft does not mean 
tint 1 c one sponding effective astern thrust is de 
\t loped irnmcdi itelv I he change Ironi ahead to 
isle in ihriist 1 a gridual process and the propel 
hr dill ictcnsiKs hive a heaimg on the dunging 
iditionship between toiqiie ind thnist 

Ship trials, flu number and tvjie ol tiuls given 
iirw ships vanes with the pattic ulai c onti ic t and 
t\pc of ship As the vnnoiis items of aiiviliarv ma 
dine tv md ecpiipnicnt ire installed in the ship 
tlifv lie given mdividuil install lUoii tests When 
Ml* III iin nidchintiv is installed and proptrlv con 
K ted with Its luxiliaties md other ecjuipinent 
iiMessiiv to its propel functioning it »s usual 
pro tic e to hold a dock Inal I he inichinetv is 
w Him cl up and run veiv slowh until it is assured 
lliil no liouhles exist to prevent continuing the 
trill Speed IS increased to the highest sale speed 
while the ship is lied up to the dock including 
i'*tcin operation and the Inal usuallv lasts 4 h 
loiiis Huildci** iisiidllv give new vessels an under 
w IV builder's tiial to assure themselves that the 
vessel IS Teadv for the Inals leqiiiied by the con 
Irict New 1 1 S Navy ships are lecpiircd to undergo 
1 pi* litninaiy acceptance trial piior to delivery and 
a fiml d( ( eplanc e trial within a spec ified time aftti 
d* live IV Ihe purpose of suih trials is to de lei mine 
Wfhether the ship and hei machinery and rcpiipme fit 
satisfaetoiily meet the requirements of the contiaet 
uid to ie»st and observe operating c apabihlies and 
efficiencies Trials of similar purpose are held on 
cc>mmercial vessels built for the U S Mantiine 
f oinnii‘sion and these trials are followed at the 
»‘n(I of a guarantee period, by a thorough inspec 
'ton to determine defects or deficiencies Private 
owners and others ma> prescribe trials of varying 
ope 

It IS desirable to reduce uncertainties to a mini 
ituim during tiials by choosing minimum wind and 
St a conditions along with a dean hull and propel 
^*1 Ihe program for trials will depend on total 
tune available but it should be complete in all 
deiuiU and prepared and approved in advance The 
pei sonnel taking active part should be familiar vrith 
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and practiced in their duties In conducting ac 
c eplanc e trials the progressive speed or stand 
ardiration tiials are usually held first, followed 
by maneiiveiing tiials steering gear tests anchor 
windlass te»*ts misctllaneous tests and finally, the 
fuel c onsiimption trials 

Standm dilation trials These are conducted over 
the best available naulical mile course at specified 
displacement The mcasuied milt louisc appioxi 
matelv 5 iiiiJcs I SF of Hockland Maine shown in 
^lg y is the best available coiiise on the Atlantic 
(oast of the [hated States The nurses and dis 
taiicc indicated in tig 9 give ample time foi 
ste id v trig of * oiiditions helot e and during traversal 
of the nuasured mile Kiins at slow speed aie made 
iitst with at h isi two runs one neulh md one 
south foi eich speed Propeller rjun is kefit as 
nc Illy constant as po>*sihle lor each speed and the 







2S4 Ship roMfing 

number of speeds checked should be at least six 
(more for large speed ranges). In addition to re- 
cording the specific readings and data for each 
run, certain computations should be made and plots 
maintained in order that deviations from a fair 
curve, indicating inaccuracies in measurements, 
may be taken into account. 

Maneuvering and steering trials. Maneuvering 
trials include tests to determine turning circle di- 
ameter with full rudder, ability to go from full 
speed ahead to full astern, ability to develop full 
astern power without undue heating (turbine 
drives), ability to go from full speed astern to full 
ahead, time required to go from full speed ahead 
to dead stop, and lime required to change course 
a certain number of degrees with a specified rud- 
der angle. Steering-gear tests check the time re- 
quired to change the rudder from full right to full 
left (or vice versa) when going full speed ahead 
and when going full speed astern. Operation of the 
emergency or hand steering arrangements is also 
checked. 

Fuel consumption trials. These are conducted in 
deep water in the open sea to determine the econ- 
omy of operation of the machinery. For commer- 
cial vessels the guarantee usually applies at normal 
operating shaft horsepower, while for naval vessels 
guarantees apply at about 5-knot intervals from 
approximately 10 knots to full power. Trial runs 
are made at all guarantee points and at full power. 
Instruments and equipment used during the trials, 
such as meters, gages, and tanks, are tested or cali- 
brated before the trials. Special fuel-oil meters are 
usually installed and these are calibrated both be- 
fore and after the trials. Samples of the fuel used 
during the trial are analyzed for heat value. The 
time required for fuel consumption trials is from 
4 to 8 hours. 

Analysis of trial results. In analyzing trial re- 
sults disturbing influences such as wind and current 
effects must be considered. Careful analysis reveals 
that the effects of wind and current are not elimi- 
nated by averaging the results of several runs in 
opposite directions over the measured mile. Since 
the effect of current is to increase or decrease 
speed over the ground without affecting resistance, 
it follows that curient has no effect on thrust, 
torque, or rpm. Wind, however, affects resistance; 
therefore differences in readings of thrust, torque, 
and rpm for runs in opposite directions reflect the 
effects of wind alone. With the effects of wind and 
current separated, it is possible to arrive at the true 
relation of shaft horsepower to speed. Disturbing 
effects such as variations from designed steam pres- 
sure, temperature, and condenser vacuum also 
enter fuel-consumption trials. Correction factors 
are applied to take care of such effects. See Hy- 
drodynamics. f K.K.C.] 

Bibliography \ J. M. Labberton (ed.), Marine 
Engineers" Handbook^ 1945; H. E. Rossell and 
L. B. Chapman, Principles of Naval Architecture^ 
vol. 2, 1939. 


Ship routing 

The selection of the most favorable track for a 
vessel on a voyage, based on environmental condi- 
tions and calculated to minimize time en route, 
ship and cargo damage, and operating costs. Ship 
routing is sometimes called weather routing and 
optimum-track ship routing. Millions of dollars 
have been saved by shipping companies of the 
United States through utilization of ship routing 

One of the first attempts to apply scientific 
reasoning to the routing of ships was made by 
Matthew Maury (IBOfi-lSTS). While with the 
U.S. Navy Department, he gathered observations 
of wind and currents as recorded in countless ship 
logs and prepared charts indicating recommended 
tracks for various voyages. His recommendations 
were based on a fundamental principle inherent in 
present ship routing, that of routing a ship to take 
advantage of the environment. Travel times for 
many crossings were reduced by half for those 
ships utilizing Maury’s routes. With the increased 
knowledge of the sea acquired during World 
War II, especially in regard to the forecasting of 
ocean waves, it became possible to place ship 
routing on an even more scientific basis. Daily 
ocean-wide marine observations, long-range 
weather predictions, synoptic and prognostic wa\tf^ 
charts, and ship performance graphs are but a few 
of the tools currently used by the oceanographer in 
routing a modern-^Y ship. 

Small-scale ship routing may be done by the 
shipmaster himself, usually after considering the 
seasonal weather and perhaps short-range fore- 
casts as well. All large-scale ship routing, how 
ever, is done by the U.S. Navy for military ships 
and by private consultants for commercial ship 
ping. In both cases, the shipmasters are provided 
with a recommended route which has been com- 
puted by study of the effects of the existing and 
long-range predicted environmental conditnms 
upon the ship. Although the usual track is one of 
least travel time, it is possible and common prac 
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Fig. 1. Relationship between ship's speed and heod 
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Fig 2 Definition of bearing of ship to waves 


tiir to route ship*' along tracks of maxinuiin com- 
foit or sdfetv, minimum fuel consumption, oi other 
tle^iicH parameters 

In order to cahulate optimum tracks it is neces- 
saiv to know, in addition to the ptedi<ted en\iron* 
nuntal conditions, how each type of ship performs 
in a seaway, that is, moderate to rough waves 
figure 1 i'' an example of a ship performance 
giapli, which relates ship’s speed to wave height 
Un \drious bearings of waves to the ship. Although 
only head waves are shown, similar graphs are 
available for how, beam, quarteiing, and follow* ing 
sias (Fig. 2). For a discussion of ship motion in a 
seaway and hull resistance to propulsion, see 
‘sHir DFsiCrN, Ship propulsion. For wave-fore- 
casting techniques and the description of the 
ocean surface with regard to wave action, see 
Oct AN WAVES; Sea STATE; See also Storm dftfc- 
iioN, Weather (forecasiing and PREDitnoN). 

[j.j.sc.; R.w j.| 

Bibliography: R. W. James, Application of 
9 are Forecasts to Marine Navigation^ U.S. Navy 
H.O. spec. pubL, reprint, 1959. 

Ship salvage 

The aci of saving or recovering a ship, its cargo, or 
Its equipment from the sea. It is also called marine 
salvage. Rescue of passengers and crew is usually 
termed lifesaving. Several situations may present 
themselves to the salvage crew: 

The ship may be helpless or damaged but still 
afloat. In this case, it may be towed to port by res- 
t’ue or salvage tugs. If the ship is a derelict, mem- 
hers of the salvage crew must board it to attach the 
towline, and possibly to steer it under tow. 

2. The ship may be aground and resting at a 
fl>ghcr level than when floating freely. Because of 
unrepaired damage, water may enter the ship when 
w 18 floated. 
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3. The ship may be aground and resting at a 
lower level than when floating freely, but with the 
main hull not completely submerged. 

4. The ship may be sunk, with the main hull rea- 
sonably intact but lying completely below the sur- 
face. The ship may be bottom up, lying on its side, 
or right side up. 

Operating procedures. A ship-salvage project 
involves a number of tasks, several of which may 
be carried on simultaneousiv. The first step is lo- 
cating the wreck when it has foundered unnoticed 
(perhaps at night or in a storm), when it is an 
abandoned deielict. or when it has sunk out of 
sight. Next, further motion and damage to the 
wreck must be prevented by laying out anchors 
or moorings and possibly by tempoiary, controlled 
internal flooding. Then a salvage plan is formu- 
lated. The method of lowering, lifting, moving or 
unwatering the ship is chosen after preliminary 
calculations have been made of the buoyancy or 
lifting forces needed The method chosen must en- 
able the ship to be held under control during all 
parts of the operation. The plan includes an esti- 
mate of the salvage time and cost, as well as the 
setting up of a base of opei aliens. 

On the scene, the wreck must be sealed water- 
tight (airtight if compressed air is to be used in 
the un watering process). Doors, hatches, and cov- 
ers built into the ship must be sef'ured, and neces- 
sary plugs, patches, And other temporary closures 
provided If the ship has to be lowered or moved 
horizontally, obstructions between it and deep wa- 
ter must be removed. 



Fig 1 Dredging a channel alongside a grounded 
ship 
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Fig. 3. Righting a capsized ship by tackles and winches. 


Floating the wreck. Salvaging ships that are on 
rocks, beaches, or shoals by floating them must be 
done in several stages. Rocks projecting into the 
ship bottom mii.st be carefully blasted out so that 
the hull c*an be moved horizontally. The wreck must 
be lifted bodily with jacks and improvised launch- 
ing ways inserted under it. The wreck is then eased 
into deep water. Sometimes a cradle must be built 
under the lifted .ship and the ship rolled or .skidded 
until it can be launched or pulled into protected 
deep water. A deep channel, into which the ship 
can be pulled or slid, may need to be dredged or 
excavated alongside (Fig. 1). A .stranded ship is 
pulled off a beach with heavy winches or capstans 
pulling steadily on wires or chains strung between 
the ship and large anchors placed well offshore in 
deep water. Motive power may be on the beach. 

Sunken ships may be raised by .several methods. 
One. used when the ship’s bottom is intact, is to 
pump out the water to lift the ship with its own 
buovancy. ff the main hull is not too far under wa- 
ter, its sides are extended upward with watertight 
walls, or watertight trunks are built around the 
hatches or other dec-k openings. All permanent 
closure.s are secured ; temporary closures are 
added as required; wooden, steel, or concrete 
patches are fitted over holes in the hull; the .ship 
is lightened as much as possible; and pumping 
follows. 

If the upper boundaries of the hull are strong 
and intact and the lower ones open or damaged, as 
in a ship lying bottom up, the water may be blown 
out by compressed air. The upper compartments 
are sealed off, and air is then blown through lines 
and valves until enough water is forced out for the 
ship to float. 

Another method is to lift the wreck bodily with 
large cylindrical tanks called pontoons. As is 
shown in Fig. 2, they are used in pairs, the con- 
necting wires or chains passing under the ship’s 
hull. When water is blown out of them, they rise 
and the ship is lifted. 

A similar method is to lift the wreck by securing 
other craft to it, then pumping water out of these 
other craft. The rise of the tide also can be em- 
ployed, and sometimes both other craft and the 
tide are used. A wreck in deep water may be lifted 
progressively by wire or cable slings passing under 


the ship’s hull and connecting pairs of barges or 
lighters. The wreck is moved progressively into 
shallower water with each lift. 

A wreck is righted from an upside-down position 
or from a horizontal position on its side by blowing 
water out of its low side or by pulling on tackle<* 
secured to brackets built out from the ship’s side 
and extended to powerful winches and anchorage*) 
(Fig. 3). 

The most sensitive and dramatic part of the en- 
tire salvage operation is the movement of the 
wreck. The .salvage crew mu.st maintain a maximum 
of control during the entire moving phase, for /yi 
error can greatly complicate or even doom the en- 
tire salvage operation. 

After a wreck is floated it may be lightened and 
run up on a nearly beach for temporary repairs at 
low tide. Afterward it can he floated off when some 
of the buoyancy lo.st by damage has been regained. 
This makes it more seaworthy for towing or pro- 
pelling to a repair yard. 

Other salvage techniques. Salvaging a shallow 
wreck which has more or less disintegrated, such 
as the old USS Maine in Havana harbor, is accom- 
plished by building a dam of earth and piling or of 
steel sheet piling around the wreck and pumping 
out the water inside. This makes possible a careful 
examination of the wreckage without the inevitable 
disturbance and additional damage from salvage 
operations. Certain historic ships sunk in lakes 
have been salvaged by pumping out the entire lake. 

At times it is possible to salvage only part of a 
wreck, such as that carrying the propelling ma- 
chinery. This can be later joined to new parts to 
make a ship which still has many years of useful 
life. In more extreme cases, only the equipment 
and machinery are removed, while the hull is left 
to the elements. fH.E.s.| 

Bibliography: W. A. Sullivan, Marine salvage. 
Trans. Soc. Naval Architects Marine Eng., 56:104r 
148, 1948. 

Shipbuilding 

The building of ships is one of mankind’s oldwt 
occupations and one of the most important of the 
world’s heavy industries. . 

In the 12 years ending with 1957, 6228 
over 1000 gross tons) carrying a total of ovfSr 64,- 
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Fig 1 A large American shipyard. (Newport News Shipbuilding and Dry Dock Co.) 


000,000 tons deadweight were built, and in 1957, 
794 ships carrying over 10,000,000 tons* deadweight 
were delivered. The 10 major shipbuilding coun- 
tries, in order of the total deadweight tonnage built 
in each dining the same 12 years, are the United 
Kingdom, Japan, West Germany, Sweden, the 
United States, Netherlands, France, Italy, Den- 
mark, and Norway. 

A ship must be designed and built to endure the 
worst that a storm at sea can do to her, and at 
the same time the ship and all her appurtenances, 
from the main propelling machinerv to the galley 
range, must continue to operate efficiently. , ' 

Most ships are custom-built to the requirements 
of their particular trade. Large numbers of identi- 
cal ships, such as the Hog Island freighters of 
World War I and the Liberty freighters of World 
War II, are built only to meet a war emergency. 

The building of a ship may be divided into six 
phases: design, work prior to keel-laying, work on 
launching, outfitting, and sea trials. 

The design of ships and sea trials are covered 
(ace Ship design; Ship propulsion). 
his article covers the remaining four phases, and 
tn general, applicable to the building of both 
merchant and naval ships. 

Shipyard layout and facilities. A shipyard site 
®08t be on deep water accessible to the ocean (or. 


in the United States, to the Great Lakes) , and must 
have railroad connections tor the delivery of mate- 
rials. Figure 1 shows a large American shipyard. 

The principal facilities in a shipyard are offices 
for administiation and design; storage areas and 
warehouses for the storage of steel and other mate- 
rials; ship sheds and working areas for lay-off, fab- 
rication, and subassembly; the building ways on 
the waterfront on which the ships are built; shops 
for outfitting work; and piers at which the ships 
can he during outfitting after launching. 

An extensive materials-handling system is also 
needed. This includes cranes in all storage and 
working areas, heavy-lift cranes at the building 
ways and on the outfitting piers, a yard railway . 
system, and a fleet of trucks. 

Shop facilities include a mold loft, a bending slab 
with furnaces, a joiner shop, a machine shop, a 
l^ipe shop, a sheet-metal shop, an electrical shop, 
and perhaps a foundry. 

Yard facilities include an extensive compressed- 
air system, and may also have a propane-gas system 
as well as the usual distribution of water and elec- 
tricity. Some shipyards have a pickling plant to 
remove mill scale from steel plates; others remove 
mill scale by sand-blasting. Many shipyards have 
one or more drydocks used both for new construc- 
tion and for ship repairs. 
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Ship steel. The great majority of merchant ves- 
sels are made of mild steel (MS), made to specifi- 
cations laid down by classification societies. For 
a discussion of classification societies, see Ship, 
MERCHANT. 

For naval vessels special steels are used exten- 
sively for both strength and protection. The three 
most commonly used are high-tensile steel (HTS), 
about one-third stronger than mild steel; special- 
treatment steel (STS), about twice as strong as 
mild steel; and a high-yield-point steel (HY-80), 
somewhat easier to weld than STS. 

Use of aluminum is increasing in shipbuilding, 
principally for deckhouses and such items of 
equipment as lifeboats and hatch covers. Certain 
magnesium-bearing aluminum alloys show excel- 
lent resistance to corrosion at sea and can be 
welded with joints nearly as strong as the material 
itself. 

Nomenclature. Before the construction of the 
steel hull can be described, some description of 
this structure is necessary. The construction varies 
considerably in different types of ships. For the 
purposes of this article the structure of a conven- 
tional cargo ship is used. 

The keel consists of a flat keel and a vertical 
keel (see Fig. 2). The flat keel is simply the center 
strake (row of plates) of the bottom shell plating. 
The vertical keel is a vertical plate on the center- 
line of tlie bottom of the ship, running the entire 


length of the ship. The bottom shell and the side 
shell form the outer watertight envelope of the 
ship. 

Floors are vertical plates extending across the 
bottom of the ship, square to the centerline. Longi- 
tudinals are similar vertical plates running more or 
less parallel to the centerline. The inner bottom 
precisely that — an inner bottom a few feet above 
the bottom shell, serving as protection in case of 
minor bottom damage, and as a floor to the holds 
and machinery space. Decks are horizontal surfaces 
corresponding to the floors of a building. Bulkhead') 
are vertical divisions, either transverse or longitu- 
dinal (fore-and-aft), corresponding to partitions in 
a building and dividing the ship into compartments. 
Side frames are the stiffeners holding the side shell 
against the pressure of the sea. Deck beams and 
bulkhead stiffeners are self-explanatory. The deck 
beams are supported by girders, and the girders by 
stanchions, or pillars. Seams are the joints between 
the long edges (usually fore-and-aft) of plates, and 
butts are the joints between the short edges of 
plates. Seams connect strakes, and butts connect the 
plates within a strake. 

Besides the trades common to other types of con- 
struction, shipbuilding involves two trades peculiar 
to itself. The shipfitters build the steel struc^rc, 
including laying off and fabricating the individua 
members, subassembly, and erection on the ship* 
way. The shipfitters are supported by the other 
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trades of shipwrights, erectors, welders, and so 
forth. 

The shipwrights’ responsibility is to see that the 
structure is straight and true and of the designed 
dimensions. Their work starts with the laying down 
of the keel blocks, and continues throughout the 
steel work. 

The many other trades involved in shipbuilding, 
such as riveting, welding, joiner work, machine- 
shop work, sheet-metal work, pipefitting, and elec- 
trical work, are essentially similar to the same 
trades in other industries. 

Electric arc welding has largely supplanted rivet- 
ing in shipbuilding for both steel and aluminum 
structure. 

Work prior to keel-laying. In order that work may 
proceed efficiently after keel-laying, the job must 
be well advanced prior to this date. Structural de- 
sign should be nearly finished, most of the steel 
should be ordered, and over half of it received in 
the shipyard. 

Prior to keel-laying, the work consists of prepar- 
ing working drawings (this continues right up to 
completion), ordering steel and other mateiial, lay- 
ing down the lines in the mold loft, making molds 
or templates, fabricating the steel, and assembling 
It into subassemblies as large as can be handled by 
the iranes. 

Working drawings are made in the design divi- 
sion of the shipyard from the contract plans and 
the specifications For a large passenger or naval 
ship several thousand separate drawings may be 
made 

Mold loft. This is a room with a smooth wcmd 
floor large enough to lay down the lines of the ship 
full-scale, (Fig. 3). From these full-scale lines and 
the working drawings of the structure, molds or 
templates, made of thin wood or of heavy paper, 
are developed for each plate, frame, or other struc- 
tural piece These molds carry all information nec- 
essary to finish the metal member ready for assem- 
bh In a lay-off area, the templates are laid on 
the piece of steel to be used, and the information is 
translerred to, or laid off on, the steel. 

Photo lay-off. This is a process in which, instead 
of using templates, special drawings are made on 



^'9 3 A mold loft floor. (Nowporf Nowi Shipbuilding 
ond Dry Dock Co.) 



Fig. 4. Photo lay-off. (Newport News Shipbuilding 
and Dry Dock Co.) 



Fig. 5. Laying the keel of an oil tanker (Newport 
News Shipbuilding and Dry Dock Co.) 


which is shown the same information which would 
have been given on a template. These drawings are 
photographed on negatives. Then in a darkened pro- 
jection chamber the pattern is projected directly 
onto the steel and the steel laid off using the pro- 
jected image (Fig. 4). 

As soon as steel and templates are available, fab- 
* rication (the making of the individual members) is 
begun, lie members are in turn assembled into sub- 
assemblies, ready for erection, as near the building 
ways as practicable. By the time the keel is laid, * 
half of the structure may be in subassemblies ready 
for erection. 

Preparation of the shipway. The area to be oc- 
cupied by the ship during building must be clear, 
and provision must be made to carry the wei|d*I of 
the ship. This often requires a foundation of piles. 
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Fig. 6. End launching of the 60,000-ton tonicer Sonsf- 
neno. (Newport News ShipbuHding and Dry Dock Co.) 



Fig. 7. Side launching of the 22,000-ton ore carrier 
Ernest T, Weir. (American Shipbuilding Co.) 


capped at grade level either by cap timbers or by a 
solid concrete slab, which in turn supports the keel 
blocks, shores, cribbing, and other support for the 
ship until its weight is transferred to the launching 
wavs. 

The launching arrangements must be planned 
before the keel i« laid. If the ship is to be end- 
launched, the keel blocks are carefully set to the 
designed height and slope. If the ship is to be side- 
launched, or built in a graving dock, the keel track 
is level. 


Spauls, of either steel or wood, cut to the shape 
of the bottom of the ship, are set up and leveled 
at right angles to the centerline of the ship. The 
spauls form a cradle on which the bottom shell is 
laid. 

On the ways. The work on the ways consists of 
erecting the structure, previously subassembled as 
far as practicable, riveting or welding it together, 
testing the watertight parts such as the shell plat* 
ing, watertight bulkheads, and tank boundaries, and 
making a start at installing the propelling machin- 
ery. The outfitting trades also are started while the 
ship is on the ways, but most of this work is done 
after launching. 

Laying the keel. The first section of the flat keel 
is placed on the keel blocks. This is usually a fairly 
large subassembly which includes the first section 
of the keel (Fig. 5). 

When enough of the bottom shell has been laid 
on the keel blocks and spauls, subassemblies con- 
sisting of sections of floors, longitudinals, and in- 
ner bottom are laid on the bottom shell, aligned, 
and welded. This is followed by transverse hulk 
heads, side shell and side framing, longitudinal 
bulkheads, and decks. 

Foundations for propelling machinery arc com- 
pleted early in the construction, so that the largc^ 
and heavy items of machinery can be installed be- 
fore the ship is closed in overhead. If this < animt 
be done, structure may be left loose to permit plai - 
ing the machinery ^ter. 

Testing. All watertight or oiltight structures are 
tested for tightness. The boundaries of tanks which 
are to carry oil or water are tested by filling with 
water to the test head, usually some distance abf»ve 
the top of the tank. An equivalent air test is used 
as an alternative to this method, especially in naval 
work. Tight structure other than tanks is usually 
checked by a hose test. 

As welding progresses the shipwrights keep a 
close check on the shrinkage caused by welding, 
and adjustments are continually made to keep the 



Fig. 8, Flooting-out launching of the SS United States. 
(Newport News Shipbuilding and Dry Dock Co.) 


structure straight and true and to ensure that the 
ship maintains the intended over-all dimensions. 

When the welding of the structure from the ma- 
chinery space to the stem is practically complete, 
the shaft line (centerline of the line shaft which 
extends from the propelling machinery to the pro- 
peller) is run as a straight line between points 
located in the machinery space and at the intended 
location of the propeller. The aftermost section of 
tlie line shaft, called the tail shaft, and the propel- 
ler. are usually fitted before launching. 

The degree of completion at launching depends 
on many factors: how badly the shipway is needed 
for the next ship, the relative ease of handling ma- 
terials on the shipway as compared with the out- 
fitting dock, and so on. In general, the ship is 
launched as soon as the hull is sufficiently complete 
to stand the very considerable strain of launching. 

Launching. Ships are launched in three ways: 
end launching (Fig. 6), side launching (Fig. 7), 
and floating out (Fig. 8) . 

In end-launching shipways, the ship is built more 
or less at right angles to the shore line, with 
laiiiuhing ways parallel to the centerline of the 
ship. The ways extend far enough out into the wa- 
ici to prevent the ship from tipping down over the 
wa>-ends when launched. The launching ways usu- 
ally have a slope of about % in. per foot. There 
are usually two, but may be three or four, launch- 
ing ways. 

A variation of the end-launching shipway is 
I ailed a «emisiibmerged shipway, in which the out- 
hoard end of the launching ways is protected by 
side walls and a gate exactly like a graving-dock 
gate (For information on graving docks and other 
of drydocks, see Drydockinc.) The entire 
length of ways is thus in the dry during construc- 
and the ship can be located near the outboard 
end of the ways. When the ship is ready for launch- 
ing. the lower end of the shipway is flooded to the 
level of the sea and the gate is removed. 

In side-launching shipways, the ship is built par- 
allel to the shore line, and the many launching ways 
are square to the centerline of the ship. Side- 
launching ways are given a slope of about 1% in. 
per foot, much steeper than for end launchings, be- 
cause in a short distance the ship must attaifi a 
'•peed which will carry it clear of the way-ends. A 
^ide-ldunrhing of a large ship is a spectacular sight 
U-'ig.?). 

Very large ships are often built in graving docks, 
H'^ually built for this purpose rather than for regu- 
‘locking. The ship is launched simply by 
nooding the dock, removing the gate, and towing 
me ship to the outfitting pier (Fig. 8) . 

fcad launching. In preparing for an end launch- 
first step is to haul the ground ways under 
me ship and set them to the required height and 
Y»pe, Unless a semisiibmerged shipway is used, 
^ outboard or underwater part of the ground 
in list be set by divers. A layer of launching 
Kream. consisting of a thick base coat and a thin 
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slip coat, separates the ground ways from the slid- 
ing ways, which are placed next. The grease is kept 
from being squeezed out before the launching by 
grease irons, about % in. thick, laid between the 
ground ways and the sliding ways and not removed 
until just before the launching. The area of the slid- 
ing ways is arranged to give a pressure of about 
2 tons/ft* on the grease. Next comes a layer of 
wedges, which are not set up hard until just before 
the launching. A flat layer of timber is fitted above 
the wedges, and the space between this timber and 
the ship is fitted with pac^king. 

As the ship enters the water there comes a time 
when the buoyancy of the stern will cause the stern 
to lift and the entire ship to pivot about the for- 
ward end of the ways. This throws a large pivoting 
pressure onto the forward end of the ways, which 
is taken by a special construction emailed a fore pop- 
pet. 

The launching pioceduie consists of withdrawing 
the grease irons a few hours before the launch, set- 
ting up hard on the wedges, knocking out all 
shores and cribbing, and removing the keel blocks. 

At this point the ship is resting on the grease and 
IS held only by triggers or some other restraining 
device. Then, with a signal to the sponsor who is 
waiting to christen the ship the moment it starts, 
the triggers or other devices are released and the 
ship slides down the ways. 

If the water into which the ship is launched is 
limited in extent, the ship’s speed must be checked 
promptly alter she leil^^*8 the ways. The usual 
method of doing this is to arrange heavy piles of 
chain connected to the vessel by wire rope so that 
they will begin to be dragged by the ahip as soon 
as she is water-borne. 

If there is unlimited water the ship is simply let 
Min until if is taken in tow by tugs. 

Side launching. In a side launching the initial 
procedure is much the same as in an end launch- 
ing. The principal difference in procedure is in the 
method of restraint and release. Thert; is a trigger 
(dog-shoie or spur-shore) at each of the many 
launching ways, and these must be released simul- 
laceously. One of the simplest and most successful 
ways of doing this is to arrange a series of guillo- 
tines, which are released electrically by pressing a 
single button, and each of which cuts a manila line. 

Because of the great resistance to motion side- - 
ways through the water, there is no snubbing prob- 
lem in a side launching; on the contrary, the prob- 
lem is to make sure that the vessel clears the way- 
,end8. The vessel also takes a large angle of list 
away from the shipway as it leaves the ways, and 
the stability must be such as to prevent capsizing. 

Floating out. If a ship is launched by simple flo- . 
tation, most of the launching problems disappear. 
All that is necessary is to determine that the vessel 
has sufficient stability at all phases of the opera- 
tion, and that when the bow lifts (it usually lifts 
first) the resulting concentration of pressure at the 
stem is adequately provided for. 
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OutfHtlng. When the ship moves to the outfitting 
piers, the outfitting period starts in earnest. Many 
trades must work simultaneously: joiner work, deck 
covering, pipefitting, machinery installation, heat- 
ing, ventilation and air-conditioning, piping, wir- 
ing, painting, and the installation of all kinds of 
equipment. The most careful planning of sequence 
of operations is required to ensure, for instance, 
that piping systems are completed before install- 
ing the joiner ceiling that covers them up. 

As a result of the fact that the ship must be 
complete and self-contained in all respects, the 
amount of work in any one trade on a large passen- 
ger ship is enormous. The electrical system, for 
example, includes a generating plant in the engine 
room, power distribution to all electrically driven 
equipment, lighting all over the ship, an interior 
communication system, often a dial telephone sys- 
tem, and ship-to-ship and ship-to-shore communica- 
tion. 

During the outfitting period the installation of 
the propelling machinery is completed and thor- 
oughly tested at the pier by a dock trial, in which 
tlie ship is held fast by special mooring lines and 
the machinery is run up to full torque (full twist- 
ing force in the shaft) . 

The full power of the machinery cannot be ob- 
tained on a dock trial because the designed torque 
will not turn the propellers at the designed revolu- 
tions per minute with the ship tied to the pier. The 
anchor windlass and the steering gear are installed 
and tested, and the cargo handling gear is tested 
to the satisfaction not only of the builder but also 
of regulatory authorities. 

When the joiner work is finished, the deck cover- 
ing is laid, and the painters are through, the ship 
is ready for her sea trials and delivery to her own- 
ers. Tj-p-c.] 

Bibliography: D. Arnott (ed.). The Design and 
Construction of Steel Merchant Ships^ 1955 ; H. F. 
Garyantes, Handbook for Shipwrights, 1944; J. M. 
McNeill, Launch of the Queen Mary, Trans. Inst. 
Naval Architects, vol. 77, 1935; H. E. Rossell and 
L. B. Chapman (eds.). Principles of Naval Archi- 
tecture, voL 1, 1955. 

Shipworm 

Any of 12 or more species of the family Teredidae, 
class Pelecypoda, phylum Mollusca. 

Best known is the common shipworm. Teredo 
navalis, which is virtually world-wide in distribu- 
tion. There are two other genera, Bankia and Xylo- 
phaga. Bankia gouldi, the estuarine shipworm, is 
common along the Atlantic coast in waters of re- 
duced salinity, such as Chesapeake Bay, but gives 
way to Teredo in fully saline waters. 

There appears to be little difference in the struc- 
ture or life histories of the different species of 
shipworm. Most published information deals with 
Teredo navalis. Shipworms are highly specialized 
mollusks having slender bodies with a small shell 
anteriorly located. 


Prior to the use of steel hulls for ships and the 
development of antifouling paints and creosote 
treatment of wood, the destruction done to ships 
and wharves by the shipworm was colossal. Even 
now, with the life history understood and adequate 
treatment available, damage to waterfront timbers 
is said to exceed $50,000,000 each year in the 
United States alone. 

The fundamental structure and life history of 
the shipworm is similar to that of the oyster and 
marine clam. Eggs are shed freely into the water, 
where a veliger larva develops quickly into a mi- 
nute bivalve larva, almost identical with the young 
oyster. 

This larva appears to have' a chemical alGn- 
ity for wood, and will leave other objects if it hap- 
pens to settle on them. The larva enters wood at 
right angles to the grain, but turns and bores with 
the grain except when encountering a knot or the 
burrow of another shipworm. 

Boring is accomplished by turning the body to 
the right and left in 180^ arcs, cutting being done 
by the two small shells. Borings are swallowed and 
pass through the intestine. There is some indica- 
tion that the cellulose in the borings is partially 
utilized as food, but this has been disputed. The 
small opening made by the larva upon entering 
the piece of wood is not enlarged, so that the grow- 
ing shipworm is trapped for life within its burrow 
Shipworms in temperate waters attain a length of a 
little less than 1 Small excurrent and incurrent 
siphons protrude from the original opening. The 
siphons are supported and protected by a pair of 
shell-like flaps, called pallets, which can be closed. 
The burrow is lined with a limy shell as the animal 
grows. 

Food consists primarily of microorganisms 
drawn in by the incurrent siphons. Sexes are sepa- 
rate. Young males later turn into females. See 
Pelecypoda. [ J d-b.] 


Shock absorber 

Effectively a spring, a dashpot, or a combination 
of the two, arranged to minimize the acceleration 
of the mass of a mechanism or portion thereof with 
respect to its frame or support. 

The spring type of shock absorber (Fig. 1) i** 
generally used to protect delicate mechanisms, 
such as Instruments, from direct impact or instan* 
taneously applied loads. Such springs are often 
made of rubber or similar elastic material. The 
design of the spring in relation to the natural fre* 
quency of the supported system and the forcing 
frequency of the applied load is most important. 
See Shock isolation. 

The dashpot type of shock absorber is best il- 
lustrated by the direct-acting shock absorber in sn 
automotive spring suspension system (Fig* 2)* 
Here the device is used to dampen and control a 
spring movement. The energy of the mass in motion 
is converted to heat by forcing a fluid through a 
restriction, and the heat is dissipated by radiation 
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^direction of shock 




compression expansion 

FiQ* 2. Dashpot-type shock absorber. (Pfymouth Divi- 
won, ChryMier Corp.) 

and conduction from the shock absorber. See 

Vibration damping. 

There are also devices available which combine 
springs and viscous damping (dashpots) in the 
same unit. They use elastic solids (such as rubber 
w metal), compressed gas (usually nitrogen), or 
J^th for the spring. A flat-viscosity hydraulic fluid 
ib used for the viscous damping. [l.s.l.] 


Shock isolation 

The application of isolators to alleviate the effects 
of shuck on a mechanical device or system. Al- 
though the term shock has no universally accepted 
definition in engineering, it generally denotes sud- 
denness, either in the application of a force or in 
the inception of a motion^ See Shock wave. 

Shock isolation is accomplished by storing en- 
ergy in a resilient medium (isolator, cushion, and 
so on) and releasing it at a slower rate. The ef- 
fectiveness of an isolator depends upon the dura- 
tion of the shock impact. An isolator may be effec- 
tive in one case where there is a high G loading 
with a short duration, 0.(K)1 millisecond (msec) or 
less, but may magnify the shock where there is a 
lower G loading but a longer duration (0.001- 
0.01,5 msec). The quantity G is equal to the so- 
called limit acceleration a divided by the accelera- 
tion of gravity g and is discussed later. Most shock 
isolators, also known as shock mounts or sl\ock ab- 
sorbers, that are available commercially are effec- 
tive for the O.OOl-msec or less interval. 

Rubber is the most common material used in 
commercial shock isolators. Rubber isolators are 
generally used where the shock forces are created 
through small displacements. For larger displace- 
ment shock forces, such as those experienced by 
shipping containers in rough handling conditions, 
thick cushions of felt, rubberized hair, sponge 
rubber, cork, or foam plastics are used. Shock 
isolation systems which use the various cushion 
materials are generally custom designed to the 
particular application and cannot be considered 
from the standpoint of standardized isolators, but 
rather from the standpoint of the basic principles 
involved. 

Absorption of shock. The shock load must be 
divided between the case, the shock cushion, and 
the equipment. The case, since it must withstand 
effects of rough handling such as sliding and drop- 
ping, is by necessity rigid. The more rigid the case 
the closer to a 1:1 ratio will be the transfer of 
the shock from outside to inside. The absorption of 
tiic shock is primarily between the cushion and the 
equipment. 

The dissipation of the energy of a 1-ft drop 
with a cushion having a linear spring rate would 
require a thickness of 2 ft of cushion. Since cush- . 
ions of such thickness are not feasible, the equip- 
ment itself must withstand part of the shock. The 
cushion that is needed to dissipate the energy from 
various heights of drop with the equipment sharing 
part of the load may be determined by Considera- 
tion of the principles involved. 

Limit acceleration. When a body moving with^ 
velocity v has to be stopped to complete rest, a 
deceleration (negative acceleration) roust be ap- 
plied. In order to make the stopping process 
smooth, a maximum value for the acceleration a is 
prescribed as a limit. Usually the full amount of 
the limit acceleration cannot be attained for the 
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entire duration of the stopping process. However, 
an ideal process can be imagined with constant 
limit acceleration a. Deviation from this ideal case 
will be considered later. 

Such uniformly decelerated motion is exactly the 
reverse process of uniformly accelerated motion. 
The same formulas apply ; 



where S is the total distance traveled, and v is the 
initial and final velocity. When the velocity to be 
stopped is produced by a free fall, the necessary 
height of diop H must be 



where g is the gravitational acceleration. From 
these formulas 


ii2 « 2aS - 2gH 

Since the velocity at the end of the free fall is the 
same as it was at the beginning of the stopping 
process, 


2aS^ 2gH 

s-nl 

It is customary to give the limit acceleration in the 
form of a C value, defined by C = With this 
notation, the stopping distance can be written in 
the form 


s-f (1) 

Force-distance diagrams. It is useful to analyze 
the ideal case again from another aspect. The en- 
ergy E stored in the falling body after fall from 
height H is F *= WH, where W is the weight of 
the moving body. The same amount of energy must 
be consumed during the stopping period. There- 
fore, 


GWS 

The active force is GW in this stopping phase. 
Equating the last two equations for the energy 
yields Eq. (1). As represented in Fig. 1, the en- 
ergy can be visualized as the area under the curve 
in a force-distance diagram. The curve is a hori- 
zontal line in the case of constant deceleration. 

Whatever device is used for checking the veloc- 
ity, it is hardly possible to obtain a constant de- 
celeration of exactly the limit value. Therefore, 
allowances have to be mado for practical consider- 
ations. 

If the opposing force is provided by an ordinary 
spring, no constant force is produced. The force F 
is built up gradually with the compression of the 
spring, as shown in Fig. 2. The area under the 


force-displacement curve is in this case a triangle, 
representing the energy 

E- HCrSi 

The kinetic energy from the fall is the same as be- 
fore, £ « WH, By equating the last two expres- 
sions for the energy, the stopping distance for the 
spring of Fig. 2 is 


Si- 


2 // 

G 


( 2 ) 


This means a distance twice as long as that for the 
ideal rase of Fig. 1 is needed. This less favorable 
condition is caused by the fact that the permitted 
maximum force is used only at the end of the proc- 
ess. The diagram of Fig. 2 is not “filled up” com- 
pletelv; it is only half-filled. 

Preloaded springs have a better-filled diagiara. 
as shown in Fig. 3. An inherent disadvantage of 
the belter-filled- up spring diagrams is the sleep 
slope at the beginning, which means that the spring 
system must be designed for a predetermined 
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Fig. 1. Force-distance diagram for ideal case. 
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Fig. 2. Force-distance diagram for ordinary spring. 
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Fig. 3. Force-distance diagram for prelooded spdeg* 



^hock. This design does not help in isolating small 
shocks. It has not been proved which shocks do the 
niu* 4 t damage — the large shock that happens occa- 
sionally or the small, repeated shock that occurs 
almost continuously. From the isolation standpoint, 
the spring characteristic of an isolator should start 
up with a moderate slope and continue with gradu- 
ally sharper increase of force. This is why a sys- 
tem representing a completely filled diagram can- 
not be applied, and therefore a certain deviation 
from the ideal condition represented by Eq. (1) 

is unavoidable. 

Damping forces are helpful for attaining longer 
deceleration force at the beginning of the stopping 


F 



damping. 



Fig. 5. Force-distance diagram for combined effects 
of spring force and damping. 



^•9* 6. Absorbed energy for ideal spring system with 
damping. 


process. Pure viscous damping alone would result 
in an elliptical diagram like the one shown in 
Rg. 4. 

Since the high velocity at the beginning produces 
l^rge opposing forces, spring force and damping 
effects can be combined to make a well-filled dia- 
gram, as shown in Fig. 5. 

Practical shock absorbers usually fall between 
™ two cases of completely filled diagrams and 
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half-filled diagrams. The stopping distance pro- 
vided therefore lies between 


H 7.H 

Eci. (1) and Eq. (2) 

The value given by Eq. 2 is considered as conserva- 
tive and therefore is recommended, since a certain 
tolerance is necessary. 

Using Eq. 2 and assuming that the equipment 
can withstand 30G, the operating deflection of the 
cushion under a 24-in. diop must be 


» 2X21 


1.6 in. 


Since S is the operating distance, the total thick- 
ness of cushion will depend on the compression 
ratio of the material. 

The preceding equation will provide the operat* 
ing thickness needed to bring a given mass to rest 
with a linear spring cushion, leaving the equipment 
to share 30G of the impart load It must be remem- 
bered that cushions, springs, and so forth store en- 
ergy and, depending upon their inherent friction, 
will return this energy. Thus, in an ideal spting 
system, no energy is absorbed. However, by adding 
damping or by using a material with inherent 
damping, theie uill be provided a resilient medium 
that possesses (.haracteiistics as shown in Fig. 6. 
The shaded area describes the absorbed energy. 

To accomplish such a system requires engineer- 
ing information on the cushioning materials under 
dynamic c*ondilioiis. Om e their behavior is known, 
the materials that have the desired force-displace- 
ment characteristic® can be selected, and the damp- 
ing forces may be added to provide a shock-absorb- 
ing system approai‘hing the effectiveness of the one 
mown in Fig. 6. See Damping; Rubbeb; Spring 
( mechanical). [k.w.j.] 

Bibliography: C. E. Crede, Vibration and Shock 
Isolation, l^l; C. E. Crede and C. M. Harris 
(eds.). Handbook of Shock and Vibration Conti ol^ 
1 % 0 . 


Shock syndrome 

A rftatr of rollapse marked by failure of the pe- 
ripheral circulation, with reduction of effective 
blood volume and blood pressure. See Cardiovascu- 
lar SYSTEM. 

There are several varieties of shock, each seen 
in a fairly sperific emergency; each has its own 
characteristics as well as the general pattern of 
the shock reaction. The term is also used, some- 
* times inaccurately, to denote superficiallv similar 
states, such as emotional, insulin, and electricad 
shock. Pallor, apprehension, cold skin, sweating, 
low blood pressure, and rapid, shallow pulse and • 
breathing are typical findings. Any form of severe 
stress may induce this state; the most common 
causes are hemorrhage, physical injury with severe 
pain, and bums. 

Previously used terms such as primary and sec- 
ondary shock appear to be outmoded. The former 
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referred to a syndrome which could best be exem- 
plified by mere fainting, from whatever cause. The 
latter, secondary shock, corresponds more closely 
to the current use of the expression shock syn- 
drome. This implies a progressive deterioration 
which may be fatal if not corrected and which will 
cause actual morphologic changes in certain or- 
gans and tissues that are especially vulnerable to 
decreased blood volume or pressure. 

Blood loss, plasma loss (as in burns), and wa- 
ter and electrolyte loss (for example, from exces- 
sive vomiting) are (M>mmon causes of the decrease 
of blood volume. Peripheral inadequacy of blood 
volume, with decreased pressures, commonly results 
from heart failure, severe toxic states, obstruction 
of major vessels, and from poisoning by certain 
substances such as drugs that cause dilation of 
blood vessels. [e.c.st.] 

Shock wave 

A fully developed compression wave of large am- 
plitude. Shock waves arise from sharp and violent 
disturbances generated from a lightning stroke, 
bomb blast, or other form of intense explosicm. and 
from steady supersonic flow over bodies. The 
abrupt nature of a shock wave can best be visual- 
ized from a schlieren photograph or shadowgraph 
of supersonic flow over objects (see Schlieren 


photography; Shadowgraph of fluid flow). 
Such photographs show well-defined surfaces in 
the flow field across which the density changes 
rapidly, in contrast to waves within the range of 
linear dynamic behavior of the fluid (see Wavk 
MOTION IN FLUIDS ) . Measurements of fluid density 
pressure, and temperature across the surfaces 
show that these quantities always increase along 
the direction of flow, and that the rates of change 
are usually so rapid as to be beyond the spatial rcs< 
olution of most instruments. These surfaces of 
abrupt change in fluid properties are called shock 
waves or shock fronts. 

Shock waves in supersonic flnyv may be classified 
as normal or oblique according lo whether the ori- 
entation of the surface of abrupt change is per- 
pendicular or at any angle to the direction of flow. 
A schlieren photograph of a supersonic flow over a 
blunt object is shown in Fig. 1. Although this pho- 
tograph was obtained from a supersonic flow over 
a stationary model in a shock tube, the general 
shape of the shock wave around the object is quite 
typical of those observed in a supersonic wind tun- 
nel, or of similar objects (or projectiles) flying at 
supersonic speeds in a stationary atmosphere. The 
shock wave in this case assumes an approximately 
parabolic shape and is clearly detached from th^ 
blunt object. The central part of the wave, just in 



front of the objeet, may be considered an approxi 
mate model of the normal shock, while the ouiei 
pait of the wave is an oblique shock wave of giad- 
nall> changing obliqueness and strength tor a 
dis* ussion of experimental techniques for super 
sonic flow, see Baiiisik kanlI' , Wind iirNNii 
Normal shock wave. The changes m thermods 
ndinu variables and flow velof ity ai ross the shoe k 
ivive aie goveined by the laws of conservation of 
mass momentum, eneigy, and also by the equation 
ui state of the fluid Thus, for the case of normal 
dio»k the sketch in Fig 2 illustrates a steady flow 
aiioss a stationary wavefront The mass flow and 
inomtntufii (equations are the same as foi an aeons 
ti( wave However, in a shock wave changes m 
pifssiire and density across the wavefront can no 
longer be considered small As a cons< queue e the 
\(lo(it\ of prci|)agatioii of the shock wave relative 
t«> the undisturbed fluid is 

Pi (P2 Pi) 

In iddition c cmservation of thermal and kinetic 
intig> across the shock front rccpiin*s that 

h\ I * j 111 - \ (2) 

wluif h js the specific (nthalfiv (or total he it per 
unit ina^s) of the fluid B\ eliminating u and //) 
with the aid of Ecf (1 1 and the conservation of 
miss the energy ecfuatjon becomes 

h, hi H) 

2 \pi Pi/ 

ll the ihermodvnamic piopeitics of the fluid arc 
known specific cnthal|)v h can be expicsstd as i 
him Item of piessuie and density or aiiv olhei pan 
n| the rinodvnainic vaiidblc*s Equations (It and 
ll) logelhei with the appropriate equation of 
slate of the fluid are known as the Hankine Hugo 
iiml cciuatjons for normal shock waves From this 
of ectuations all theimod>namH vaiiablc's bt 
hind the shock front (denoted b> subscript 2) can 
lie expressed as iunctiuns of the propagation vcloc 
itv of the shock wave and the known initial staje of 
the fluid (denoted by subsciipt 1) For examfile il 
the fluid IS a perfect gas of constant specific heats 
e*nihdip\ h c an be written as 
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"'heie y is the ratio of specific heats and a is the 
adiabatic speed of sound given by {yRT)^ ^ For 
this case, the pressure and den&itv ratios across 
the shock front are given by 
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The temperature ratio, deduced from the perfect 
gas law, is 

72 [27 W - (7 - 1)1 [2 + (7 - 1) Wi^l 

7i (7+l)W " '' 

Thc*se expiessions show that the ratios of all ther- 
modynamic vanahies and flow velocities across the 
shotk depend on only one parameter for a given 
gas which is the Mach number M\ of the flow lela 
tive to the shock front, where Afi - u\ /cii, oi what 
amounts tt the same thing the velocity of the 
shock wave divided bv the speed of sound foi the 
gas into which ihc shock piopagates Because of 
this the nidgnitiide ol Wi is often used as a meas 
ure of the stiength of the shock For comparison 
With the ainpljtiide of acoustic waves sound waves 
cortespond to values of Mi ^ 1001 or less 

The u suits of Fqs (Si (6) and (7) have been 
dc lived fc»r gases of constant specific heats From 
moltcular and atomic pLysi it is well* known 
that when a gas m heated to high temperatures, vi 
hr itionil excitation dissociation and ionization 
take place with ac c ompanving changes in heat 
ca|)a(ili(‘s of the gas Iheiefoie for strong shcick 
waves the appiopridtc expiession foi the spec ihc 
enthalpv h and the (({nation ol state which lakes 
into ICC Clint these phenomena must be used in 
place of I cf (I) (o obtain the. shock wave solution 
from Lc|s (1) and ( J) The ratios /pi, pi 
and / / 1 foi iioimal hock waves m ar at stand- 

ard atniospheru density are plotted in Figs 2, \ 
diici I llie dpfiroximatt solutions, as given hv Ects 
(6 1 and (7) hold only for the weakei shock waves 
(1/i f)) fvtn though the prcssuie latio is lela- 

tivi'lv insensitive to the changes in heat capacities 
f the gas 

Because the Rankne Hugoniot equations did 
not impose anv limit on the value of M] there re 
mains the cfuestion of whether a shock wave c an 
propagitc inic» an iinclistiirbcd gas at a speed ome 



Fig 2. Pressure ratio across normal shock wove in air 
at standard otmospKeric density 
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Fig. 3. Density ratio across normal shock wove m air 
at standard atmospheric density 


^hdt Inwei than the spml of sound of this as 
would he the < ase loi M\ 1. Although this ifues 
tion cannot he answered b\ the First I.aw of Thei- 
modvnarnns, an examination of the change in spe- 
cific entiopv across the shook front provides an 
answer. Thus 

AS..-.S.-.S, 7 ''' m 



Fig. 4. Temperature ratio across normal shock wave 
in air at standard atmospheric density 


which, for gases of constant specific heats, becomes 

ASi 2^ 1 [27Mi2~(7-l)l[2+(7-l)Afj21> 

R 7~1 (7+ ” 

( 9 ) 

showing that entropy change AS^ assumes a nega- 
tive value when M\ is noticeably less than unity. 
This violates the Second Law of Thermodynamics 
which states that the entropv accompanying an\ 
natuiallv occurring processes always tends to in- 
crease. Therefore, one may conclude that shock 
waves always travel at supersonic speeds relative 
to the fluids into which they propagate. 

Oblique shock wave. The changes in flow varia- 
bles di ross an oblique shock wave are also gov 
erned b\ the laws of conservation of mass, momcn 
turn, and energy in a coordinate system which js 
stationary with respect to the shoc*k front. In this 
case, the problem is slightly complicated by the 
fact that the flow yelocity will experience a sudden 
c hange of dirt'clion as well as magnitude in cross- 
ing the shock front Thus, if ft] and pj denote the 
acute angle's between the initial and final flow ve 
loc ity vectors and the shock siiiface (Fig 5), then 
in crossing the oblique shock, the flow will be de 
fleeted by a finite amount fl - li\ — /?». 

The oblicfue shock solution can he obtained di 
rei tiv from the complete set of c onservation ('qua 
lions. However, the solution already obtained lor 
normal shock wa^es provides the following sim 
plifving information. 

The late of mass flow per unit area ac loss the 
shoe k wave is determined hv the normal component 
of the flow velocity (Fig f) ) Thus, foi conseivalion 
of mass across the shoe k, 

p]Mi sin Pi == P 2 M 2 sin P 2 (If^l 

On the other hand, conservation of the parallel 
component of momentum across the shoc'k fiont 
reqiiiies that 

Sin jSi cofo Pi ■= p2U9^ sin P 2 cos P 2 

Equations (10) and (11) shcjw that 

ui cos Px « U 2 cos P 2 (^2) 

whic'h is equivalent to the statement that the tan- 
gential component of the flow velocity must re 
mam unchanged in crossing the oblique shock 
wave. Therefore, the resultant flow across the ob- 
lique shock shown in Fig. 5 will be identical to 
what an observer would see if he moved at a uni- 
form velocity ui cos j8i along the surface of a nor- 
mal shock wave propagating at a velocity ui sin pi 
Such a tianslation of the frame of reference in the 
diiection parallel to the shock front should not 
change the strength of the shock wave; thus, the 
changes in thermodynamic variables across the 
shock should depend only on the velocity compo 
nent normal to the shock wave. The substitution of 
Ml in Eqs. (5), (6), (7), and (9) with ui sto pi 
gives the cut responding expressions for obHflU* 





shock wavfs in j^ases of constant specific heats. 
\f;<]in theiinod\nami( ( onsiderations show that the 
noTHial (oiiiponent of llie flow velocity into the oh- 
luiuc shock wa\p must he at least sonic. 'I’herefoie. 
in a siipers(ini<- stream of Mach number A/i * 1. 
the \alue of /ii must lie within the range 

Mil ' * < jSi < ^ (13) 

Ml 2 

I he lowei limit c<iiresponds to the Ma<*h angle of 
♦Koijsiit waves, while the upt>ei limit corresponds 
to that of the normal shock wave. \t hot! limits, 
the flow deflection angle 6 - fix ^ ft * 

For an\ intci mediate value of the value of 
• an he obtained Irom Eejs. (10) and (12). thus 

/3? -= Ian ' tan jSi^ (1 1) 

I lie flow deflection angle 0 for ohliifiie shock waves 
ni dir at normal density is plotted in Fig. 6 as a 
him t ion of Mx and jSi. For a given Mach number 
Wi, the flow deflection angle first increases with 
•he wd\e angle jSi, i caches a maximum value 
*11111 then decreases toward zero again as the i^ave 
‘tnjile approaches that of the normal shock.’ Con- 
\eiv.p|v, ftii- rjuy given flow deflection angle 
* ^hn.ix such as would be produced bv sudden in- 
tiodm lion of a wedge or an inclined plane surface 
into the initially uniform supersonic stream, there 
**^ist tw'o po,<^sible values of )8i. The higher value 
P\ corresponds to the stronger shock. If the 
"''‘dge angle or the inclination of the plane sutface 
introduced exceeds the value of Omax fiir *hc 
si'en Af,, the shock wave will either become de- 
ia<*hpd from the obstructing object or will form a 
*'ini’e complicated pattern. The question of exactlv 
I'hdi shock- wave pattern to expert from a gi^en 
''ituation is complicated by interaction of the rc- 
j'^ibant shock wave and flow pattern on the over-all 
inundary condition as well as on the local state of 
flow. 
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Bomb blast. When energy is suddenly released 
into a fluid in a concentrated form, such as by a 
chemical or a nuclear explosion, the local tem- 
perature and pressure may rise instantly to such 
high values that the fluid tends to expand at super- 
sonic speed. When this occurs, a blast wave forms 
and propagates the excess eneigv from the point 
of explosion to distant parts of the fluid. If the 
point of explosion is far awa> from any fluid 
boundary, the blast wave assumes the form of an 
expanding spherhal shock wave hdhmed b\ a ra- 
diallv expanding fluid originating trom the point 
of detonation. The changes in thermodynamic vari- 
ables acioss the spherical shock aie the same us 
those for a normal shock propagating at the same 
instantaneous \elocitv. However, because <»f the 
continuous evpansion and the finite amount of en- 
erg> available Irom the explosion, both the 
stieiiglh of the shock and the specific energy of the 
expanding fluid must dec a> with lime. The decay 
of a blast wave goes through three pi incipaf stages. 
\ strong shock peiiod begins immediatelv after 
the formation of the blast wa\e, during which the 
shoc-k strength dc'cays rapidlv with distaiu^e horn 
the point of detonation. Dining this stage, the 
shock velocitv clcca\s witli the inveise .‘^^2 power 
of the distance, and the over-pie-siire behind the 
shock deca\s with the iiucrsp i uhe of the distance. 
The sec’oiid stage i** a tiansition p'Tiod. during 
which the strong splieiical shock gradually 
c hanges into an ac’oiistic wave. During the last 
stage oi residual acoustic dc*c av peiical, the ac'oijs- 
tic* wa\e cuiries the bound of explosion gieat dis- 



Ftg. 6. Oblique shock solution for oir at standard 
atmospheric density. 
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tanres from the point of detonation. Aft charactcr- 
ifttir of sound propagation in three dimensions, the 
over-pressure carried by the spherical acoustic 
wave decays inverbelv with distance, and the veloc- 
it> of propagation remains constant. fs.r.L.l 

Bibliography: H. W. Liepmann and A. Roshko, 
Elements of Gasdynamirs, 1%7; G. Td\lor, The 
formation of a blast wave bv a very intense explo- 
sion. Pror, Roy. Sor. {London) ^ >4201:175 86, 
1050. 

Shock-wave display 

The making visible of shock waves for purposes of 
photographv. Shock waves accompanv sparks, ex- 
plosions, or high-speed flows past objects in fluids 
In general these waves are nt>t directiv visible, and 
the display of their presence leqiiires the use of 
special techniques. Changes in pressure, density, 
and velocity of the fluid, as well as changes in its 
chemical composition and in the internal energy of 
its molecules can be used for this purpose The 
method best suited to displa> a shock wave depends 
upon the siiength of the shock wave, ambient c ondi- 
tions in the fluid, and the constituents of the fluid 
.SVe Snoi K wwt. 

Refraction methods. Shock wave display tech- 
niques aie used most extensively in aen»dynamic 
leM facilities (see Hmiisik F«\NGf : Wind tttn- 
Ml ) Of the techniques, the most widely used are 
the schlicfcn and shadowgiaph techniques; optical 
interferometiv is also used (sec lx ii itii romi* rny; 
Sc Mil uRi-N piforoc.KAeiiy ; Sn vnowc.RAfMt oi 



Fig. 1. Interferogram of shock wove formed around 
45° cone at Mach number approximately 4 (U S. No- 
va/ Ordnance Laboratory) 


FLUID flow). All three methods are based on the 
variation of the index of refraction with density in 
the medium traversed by light. In the schlieien 
technique, the field displayed on the final image 
corresponds to the first derivative of the density 
normal to the schlieren knife orientation. In the 
shadowgraph technique, the change of illumina- 
tion depends on the second derivative of the density. 
These two methods have the advantage of simplic ity 
of experimental set-up, and are usually preferied 
because they readily display even weak disturb- 
ances such as nearly sonic shocks. 

The interferometric technique permits a direct 
measurement of the density change across the 
shock wave. The change is piesented as displace 
ment of interference fringe*- (Fig. 1). The method 
is best suited for obtaining quantitative informa 
tion on shock waves and flow fields. The limit of 
sensitivity of this technique is determined bv the' 
fringe displacement that can be measured accu- 
rately. usually considered to be 0 1 of their spac ing 
Foi air, a 10-cm path, and light of 5000 A wave 
length, this limit corresponds to a density change 
of 2.2 X 10 * g'cm\ The type of instrument mo^i 
c'ommonlv used is the Mach-Zehnder interfeicmi 
eter Its design proyides for a convenient adiiist 
ment of the virtual location of the fringes to lh^ 
objec t under study, and the large separation of the 
two interfering light beams makes it adaptable to 
men laige test facilities 

Absorption mflhods. For the visuali/ation (»f 
-shock waye fFhenomena in gases of low density, the 
aboye methods becc»me too insensitive. (Tnder such 
c'onditions. techniques utilizing the absorption of 
radiation oi coipuscular tays provide bettei mean's 
fo? detection of shoe k waves. Best suited for the 
radiation absoiption techniques are the spectral 
regions of strong continuous absorption, whic'h for 
most gases are in the ultraviolet, or the legion i»f 
soft x-rays (.see X-ray optics). For investigations 
in air, the oxygen absorption continuum between 
1750 and 1300 A and soft x-rays up to 13 A can be 
used The x ray technique can easily be adapted to 
studies in high-density fluids by utilizing x-rays of 
appiopriately higher energy. 

Corpuscular-ray absorption techniques use memo- 
energetic particles such as electrons, protons, oi 
flf-particles. Their attenuation results from true 
absorption, scattering, and slowing down. By suit- 
able selection of the initial energy of the particles 
the technique can be adjusted to flow studies over a 
certain range of conditions. 

Most important is the method utilizing electrcms 
with energies of 10 30 kev. The lower limit of 
usefulness of the absorption techniques for shock 
wave display is usually correlated with a 10^ 
change in absorption. For air and a 10-cm absorb- 
ing path, a shock wave of strength 6:1 can be 
recognized by a 10% change in absorption if the 
density ahead of the shock wave is about 2.5 X 10 
g/cm^ for 13 A x-rays, 2.5 X 10"^ g/cm^ for 10 -kev 
electrons, and 10'’ g/cm® for the absorption at 
1470 A of the oxygen molecule^. 


Rqiiipinent needed for absorption techniques is 
basically simple, consisting of a radiation or par- 
ticle source with associated components, and a 
receiver. The range of wavelengths and energies 
involved requires that windows, if needed, and 
optical components be made of low absorbing ma- 
terial. that the radiation and particle path outside 
the test chamber be enclosed, and that the housing 
be evacuated or filled with a nonabsorhing atmos- 
phere. The receiver may be a sensitized screen, 
|)hoU»graphic film (»f appropriate characteristics, 
photoelectric receiver, ionization chamber, or 
('reiger counter. See Microradiocraphy. 

Glow methods. Two other methods for visualiza- 
lion of especially low density flows are the glow 
discharge and afterglow techniques. In these tech- 
iiiqufv^ the gas. prior to entering the test chamber, 
mibjected to a strong electrical discharge which 
excites it to luminescence. The light emission ac- 
companying the discharge is used in the first 
method; the second method utilizes the glow per- 
>i* 4 ling after ihe exciting discharge has been cut off. 
Shock waves become visible because density 
changes affect the luminous intensity as well as the 
spectral distribution of the glow (Fig. 2). The 
useful range of the glow methods covers a density 
range from 2.S X 10 * g/cm^ to 2.S X 10 ' g/rin\ 
The gas is usually excited in an insulated section 
which may be a separate discharge tube ahead of 
the wind tunnel, or the wind-tunnel nozzle proper. 
Depending upon the inode of excitation, which may 
be on elect rodeless discharge, or a high-frequency 
condensed discharge between suitably placed elec- 
in»dc‘<, and also depending upon the operating 
pressure level and the type of gas to be excited. 
I he power requirements range from a fracti(»n of 
1 kilowratt to several kilowatts. The flow can he 



P'9- 2. Nitrogen afterglow around two-dimensional 
airfoil; Mach number approximotoiy 2.6. (Princeton 
^nivBrsity Prett) 
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Fig. 3. Luminous flow of xenon over 60^ wedge; Mach 
number approximately 12. (U.S. Naval Ordnance Lab- 
oratory) 


observed dirtjctly or it can be photographed. 

At flow conditions involving sufficiently high 
stagnation temperatures, the gas molecules become 
elect rofiically excited, and luminosity will be ob- 
served behind the shock front (Fig. 3). For air, 
this occurs at velocities approaching those of inter- 
continental ballistic missiles reentering the atmos- 
ohere. The luminous phenomenon is pronounced in 
the case of a nuclear bomb where a radiation front 
expands from the fireball. This front is character- 
ized by a radiative process which advances faster 
than the pressure shock wave. This condition exists 
until the temperature behind the radiation front has 
fallen to about 300,000®K; thereafter, the velocity 
of the pressure shock wave exceeds that of the 
ladiation front. The gas behind the pressure shock 
wave continues to remain luminous until, by further 
expansion, its temperature has decreased to only a 
few thousand degrees Kelvin; the luminous front 
then ceases to exist. [ k.m.WR.1 - 

Bibliography, J. V. Charyk and M. Summerfield 
(eds.). High Speed Aerodynamics and Jet Propul- 
sion, vol. 9, 1954; H. C. Wolfe (ed.), Temperature: 
Its Measurement and Control in Science and In- 
dustry, vol. 2, 1955. 

Shore processes 

The geologic processes which shape, or alter, the 
shore features of t.oastlincs, particularly the me- 
chanics of waves, currents, and tides as these re- 
late to the sediments and organisms of the conti- 
nental shelf and nearshore waters; The action of 
waves, winds, and currents is effective in keeping 
sediment in motion in shallow water and along the 
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shores of oceans, bays and lakes. This action may 
erode the coast and transport unconsolidated mate- 
rial, usually sand, along the coast. The formation 
of sandy beat hes along the shores is the most com- 
mon manifestation of shore processes. 

Erosional and depositional nearshore processes 
play an important role in determining the configu- 
ration of coastlines. Erosion is usually dominant 
off headlands and along coastal sections backed by 
alluvium and other unconsolidated material; 
ifvhereas. deposition is most common along indenta- 
tions between headlands. The over-all effect of 
such processes is iisuall> a straightening and 
smoothing of the coastline. However, this is not al- 
ways the case; differential wave erosion mav cause 
a rapid erosion of material between headlands and 
thus cause irregularities in the <'oastline. See 
CoASTAI lAND^ONMS. 

Whether deposition or erosion will he predomi- 
nant in any particular place depends upon a num- 
ber of interrelated factors: the amount of available 
beach sand and the location of its source; the c<in 
liguiation of the coastline and of the adjoining 
ocean flooi : and the effects of nave, current wind, 
and tidal action. The establishment and persist- 
enc'e of natural sand beaches aie often the lesult of 
a delicate balance among a number of these fac- 
tors. and an\ changes, natural or man-made, tend 
to upset this ecpiilibrium. 

Waves. Waves and the currents which thev gen- 
erate are the most impoitant factor in the trans- 
portation and deposition of nearshore sediments 
Waves are effertive in moving material along the 
bottom and in placing it in suspension for weaker 
currents to transport. In the absence of beaches, 
the diiect force of breaking waves eiodes c liffs and 
sea walls. 

Wave action along most coasts is seasonal in na- 
ture in response to the changing wind systems over 
the waters where the waves are generated Tlie 
height and period of the waves depend on the speed 
and duration of the winds generating them and 
the fetch, or length, over which the wind blows, 
(^onseqiientlv. the nature and intensity of wave at- 
tack against c’oastlines varies considerably with the 
si/e of the water bod>. as well as with latitude and 
exposure. Waves generated by winter storms in the 
Southern Hemisphere of the Pacific Ocean may 
travel more than oOOO miles before breaking on the 
shores of California, where thev are common sum- 
mer waves for the Northern Hemisphere. 

The profiles of ocean waves in deep water are 
long and low, approaching a sinuboidal form. As 
the waves enter shallow water the wave velocity 
and length decTease. the wave steepens, and the 
wave height increases, until the wave train consists 
of peaked crests separated by flat troughs. Near 
the breaker zone the process of steepening is ac- 
celerated, so that the breaking waves may attain a 
height several limes greater than the deep-water 
wave. This transformation is particularly pro- 
nounced for long-period waves from a distant 
storm. The profiles of local storm waves and the 


waves generated over small water bodies such as 
lakes show considerable steepness even in deep 
water, so that the shallow-water steepening is not 
as pronounced as in the case of ocean swell. 

The shallow- water transformation of waves com- 
mences at the depth where the waves “feel bot- 
tom.” This depth is equal to one-half the deep-wa- 
ter wave length, where the wave length is the 
horizontal distance from wave crest to crest. The 
deep-water wave length is given bv the relation- 
ship L -= gT- '27r, where g is the acceleration of 
gravity and T is the wave period in seconds. Upon 
entering shallow water, waves are also subjected 
to lefraction, a process in which the wave crests 
tend to parallel the depth c'cmllmrs. For stiaiglit 
c'oasts with patallel contours, thi^ decreases the 
angle bf‘tween the appioaihing wave and the coast, 
and causes a spreading of the energy along the 
crests. The wave height is decreasc'd b\ this proi 
ess, but the effei t is uniform along the coast 
(Fig. 1 ). A submaiine c'an>on or depression causes 
waves to be lefracted, oi bent, in sin h a mannet 
that waves over the canvon will diverge and de 
crcMse in height and the line of wave crests will be 
convex towaicl the shoie. Waves will ccmveige on 
eillier side of the canvon ovei a ridge, causing thfr 
wave iieigbt to increase and the line of wave ciest^ 
to lie concave toward the shoie. The amount oi 
wave refraction and consequent change in wave 
height and direc'tion at any point along the coast 
is a fiiiic tion of pcTiod, direc tion of appioach 
and the configuration of the bottom topogiaphv 

Wave- fiom distant storms ma> have peiiods as 
gieat as 20 seconds oi more when they leacli ocean 
coasts. Since refraction commencc‘s when wavc*s 



Fig. 1. Longshore currents ore generoted when waves 
approach the beach at an angle. In this photograph 
at Oceanside, California, the longshore current is 
flowing toward the observer. (Photograph from 
mont of Engineering, University of California, 


reach a depth equal to one-half the wave length, 
these long waves will be refracted by topographic 
features on the ocean floor in depths as great as 
300 m. Thus, the formation of beaches and the 
effect of waves on a coastline may be influenced by 
the topography of the bottom many miles from the 
coast. When submarine ridges cause a conceiitra- 
lion of wave energy at certain points along a 
coast, severe erosion and damage to coastal struc- 
tures often results. This occurs periodically along 
the California coast when the wave period, deep- 
water direction of approach, and height arc such as 
to focus energy on coastal structures. .SVc Ocf.an 
WAVKs; Ska state; Wave motion in liquios. 

Currents in the surf zone. When waves break so 
that there is an angle between the crest of the 
breaking wave and the beach, the momentum of 
ihc breaking wave has a component along the 
beach in the direction of wave propagation. This 
results in the generation of longshore currents that 
flow parallel to the beach inside of the breaker 
zone (Fig. 2). After flowing parallel to the beach 
as longshore currents, the water is returned sea- 
ward along relatively narrow zones by rip currents. 
The net onshore transport of water by wave action 
in the breaker zone, the lateral transport inside of 
I lie breaker z<»rie by longshore currents, the sea- 
ward return of the flow through the surf z<ine by 
rip currents, and the longshore movement in the 
expanding head of the rip current all constitute 
the nearshore circulation system. The pattern that 
results from this circulation commonly lakes the 
form of an eddy or cell with a vertical axis. The 
positions of the rip curremts are depend-*»it on 
ihc siihiTiuriiie topography and configuration of 
the r-oast. and the height and peritid of the waves. 
F’eriod icily or fluctuation of current vehicity and 
direction is a characteristic of flow in the nearshore 
svsiein. This variability is primarily due to the 
grouping of high waves followed by low waves, a 
phenomenon which gives rise to a pulsation of wa- 
ter level in the surf zone called surf beat. 

Water in the surf zone has a slow net offshore 
flow near the bottom between rip currents. This 
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flow between rip currents does not appear to ex- 
tend through the breaker zone: rather, water out- 
side the surf zone moves toward the shore. There 
is no evidence of strong undertow in the surf zone, 
other than the instantaneous motion occurring as 
the backwash flows under a wave breaking on the 
face of a steep beach. The principal danger to 
swimmers is from rip currents, which may carry 
them seaward rather unexpectedly. Studies by 
D. L. Inman and W. H. Quinn show that longshore 
currents commonly flow' with v'docitips between 
15 and 75 4*m/sec, although flows of 125 cm/sec 
have been measured. 

In many cases where waves break along a 
straight beach with parallel bottom contours, it i.s 
possible to estimate the velocity of the hmgshore 
current from a consideration of wave and beach 
characteristics. However, where the beaches are 
not straight, or where offshore topography causes 
differential wave refraction, the longshore currents 
are dependent on the gradient of breakei^ height 
along the beach, as well as on the! angle between 
the breaking wave and the beach. As has been 
shown by F. P. Shepard and D. L. Tnman, for such 
rases, the; positions of the circulation cells are 
largely dependent upon the location of zones of 
wave convergence and divergence, and quantitative 
prediction of longshore velocity cannot be made. 

Points, breakwaters, and piers all influence the 
circulation pattern and alter the direction of the 
currents flowing along the shore. In general, these 
olistruclions determine the position of one side of 
the circulation cell. In places where a relatively 
straight bca(!li is (crminat(*d on the down-current 
side by points or other obstructions, a pronounced 
rip current extends seaward. During periods of 
i irge waves having strong diagonal approach, 
these rip ( nrrenls can be traced seaward for one 
or more miles. 

Beach types. A knowledge of types of beaches 
and their configuration is essential to the iinder- 
standitig of beach and nearshore processes. 
Beaches consist of transient clastic material fiin- 
. ^olidated fragments) which reposjes near the 



^*9. 2. Nearihore current system. 
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interface between the land and the sea and which 
is subject to wave action. The material is in dy- 
namic repose rather than a stable deposit, and 
thus the width and thickness of beaches is subject 
to rapid fluctuations, depending upon the amount 
and rigor of erosion and transportation of beach 
material. Beaches are essentially long rivers of 
sand that are moved by the littoral processes, and 
are derived from the material eroded from the 
coast and brought to the sea by streams. 

The 'geometry of beaches is also dependent on 
coastal history, and there is a close relationship be- 
tween beach charac^teristics and type of coast. Long 
straight beaches are typical of low sandy coasts; 
shorter crescent-shaped beaches and small pocket 
beaches are more common along mountainous 
coastlines. The coast may be cliffed as shown in 
Fig. 3, or it may contain a ridge of wind-blown 
sand dunes and be backed by marshes and water. 
Along many low sandy coasts, such as the East and 
Gulf coasts of the United States, the beach is sepa- 
rated from the mainland by water or by a natural 
coastal canal. Such beaches are called barrier 
beaches. A beach that extends from land and ter- 
minates ill open water is referred to as a spit, while 
a beach that connects an island or rock to the 
mainland or another island is a lombolo. 

While differing in detail, beaches the world over 
have certain characteristic features which allow 
application of a general terminology to their pro- 
file (Fig. 3). The beach or shore extends landward 
from the lowest water line to the effective limit of 
attack by storm waves. The region seaward is 
termed the offshore; that landward, the coast. The 
beach includes a backshore and foreshore. The 
backshore is the highest portion and is only acted 
upon by waves during storms. The foreshore ex- 
tends from the crest of the berm to the low- water 
mark, and is the active portion of the beach trav- 
ersed by the iiprush and backwash of the waves. 
The foreshore consists of a steep seaward dipping 
face related to the size of the beach material and 
the rigor of the uprush; and a more gentle seaward 
terrace, sometimes referred to as the low-tide ter- 
race or step, over which the waves break and surge. 
In some localities, the foreshore face and terrace 
merge into one continuous curve; in others, there 


is a pronounced discontinuity at the toe of the 
beach face. The former condition is characteristic 
of fine sand beaches and of coasts where the wave 
height is equal or greater than the tidal range; the 
latter is typical of coastlines where the tidal range 
is large compared with the wave height, as along 
the Patagonian coast of South America and por- 
tions of the Gulf of California. 

The offshore zone frequently contains one or 
more bars and troughs that parallel the beach; 
these are referred to as longshore bars and long- 
shore troughs. Longshore bars commonly form on 
the bottom at the plunge point of the wave, and 
their position is thus influenced by the breaker 
height and the nature of the tidfiftl fluctuation. 

Beach cycles. Waves are effective in causing 
sand to be transported laterally along the beach by 
longshore currents and in causing movements of 
sand from the beach foreshore to deeper water and 
bark again to the foreshore. These two types of 
transport, although interrelated, are more conveni- 
ently discussed in separate sections. The offshore 
and onshore transport of sand is closely related to 
the beach profile and to the cycles in beach width, 
and will he disemssed here and under the mechan- 
ic's of heac:h formation. 

Along most cemsts there is a seasonal migratioi^ 
of sand betweem the beaches and deeper water, in 
response to the changes in the character and di- 
rection of approach of the waves. In general, the 
beaches build segiivard during the small waves of 
summer and are cut back by high winter storm 
waves. There are also shorter cycles of cut and fill 
associated with spring and neap tides, and with 
nonseasonal waves and storms. According to D. L. 
Inman and G. A. Rusnak, bottom surveys indicate 
that most offshore-onshore interchange of sand oc- 
curs in depths less than 10 m, but that some effects 
may extend to depths of 30 m. 

Figure 3 shows the profile of a typical summer 
beach which has been built seaward by low wav€!S. 
During stormy seasons the beach foreshore is 
eroded, frequently forming a beach scarp. Subse- 
quent low waves build the beach foreshore seaward 
again. The beach face is a depositional feature 
and its highest point, the berm crest, represents 
the maximum height of the uprush of water on the 



Fig. 3. Beach profile. 




Fig. 4. The efFect of headlands on the accretion of 
beach sand is shown in this photograph of Point Mugu, 
California. The point forms a natural obstruction which 
interrupts the longshore transport of sand, causing 
accretion and a wide beach to form (foreground). The 
regularly spaced scallops are beach cusps. (Photograph 
from Department of Engineering, University of Co/ifor- 
nia, Berkeley) 

farr of the beach. The height of wave uprush usu- 
ally varies between one and three times the height 
of ihe breaking wave. Since the height of the berm 
depends on wave height, the higher berm, if it is 
pre'Nenl. is sometimes referred to as the winter or 
storm berm, and the lower berm as the summer 
herrn. 

The entire beach may be cut back to the country 
rock during severe storms. Under such conditions, 
the waves erode the coast and form the well-known 
'‘ea cliffs and wave-cut terraces, which are fre- 
quently preserved in the geologic record and serve 
as markers to the past relations between the levels 
of the sea and the land. 

A series of regularly spaced scallops, i*alled 
beach cusps, sometimes forma on the beach fore- 
shore (Fig. 4). Beach cusps consist of short trans- 
verse valleys formed in the beach face and sepa- 
rated by ridges with cuspate points. The spacing 
between cuspate points ranges from several to sev- 
J'ral hundred meters, while the depths of the val- 
range from a few centimeters on fine sand 
beaches to several meters on pebble and cobble 
carhes. The formation of cusps is related to the 
'[*>lume and vigor of wave uprush on the beach 
ace. and they occur with greatest frequency dur- 
neap tides when the fluctuations in water level 

**re minimal. 

Mechanic* of beach formation. Wherever there 
®re waves and an adequate supply of sand or 
material, beaches form. Even man-made 

* and structures are effectively eroded and re- 
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formed by the waves. The initial and moat charac- 
teristic event in the formation of a new beach from 
a heterogenous sediment is the sorting out of the 
material, coarse material remaining on the beach 
and fine materia] being carried away. Concurrent 
with the sorting action, the material is rearranged , 
some being piled high above the water level by the 
uprush of the waves to form the beach berm, some 
carried back down the face to form the foreshore 
terrace. In a relatively short time, the beach as- 
sumes a profile which is in equilibrium with the 
forces generating it. 

The me<‘hanics of accretion and erosion of the 
beach face appear to be connected with the differ- 
ential between the speed and amfr.int of water in 
the uprush and backwash over the beai^h face. Per- 
colation of the uprush into a permeable beach re- 
duces the amount of flow in the backwash, and is 
thus conducive to deposition of the sand trans- 
ported by the uprush. If, in addition, the beach is 
dry, this action is accentuated. Coarse sand.*, are 
more permeable, and consequently more conducive 
lo deposition and the formation of steep beach 
faces, l^arge waves elevate the water table in the 
beach. When the beach is saturated, the bac'kwa.sh 
has a higher velocity, a condition which is condu- 
cive to erosion. From the foregoing it follows that 
the .slope of the beach face, sometimes referred to 
as the foreshore slooc, increases both with increas- 
ing sediment size and with decreasing wave height 
and intensity. Some typical average values for the 
face slopes of ocean beaches are given below. 

Size of beach mliment^ Slope of beach face^ 

mm decrees 


Very fine sand 


1 

Fine sand 

-'4 

3 

Medium .sand 


5 

Coarse sand 

>s-l 

7 

Very coarse sand 

1-2 

9 

Granules 

2-4 

11 

Pebbles 

-1-64 

17 

Cobbles 

64-256 

24 


\s mentioned in the discussion of currents in the 
surf zone, there is an onshore transport of water 
associated with wave motion near the breaker 
zone. This shoreward transport of water causes 
fluctuations in sea level and a rise in the sea sur- 
face in the surf zone. The “piling up” of water in 
the surf zone is compensated by a seaward return 
flow, part of which is in the form of rip currents. 
Theory and observations suggest that the onshore 
- transport of water is a maximum at the w,ater sur- 
face, and that in addition to rip currents, this 
transport is compensated by a net seaward return 
flow along the bottom in the surf zone. The magni- • 
tude of net offshore drift along the bottom usually 
doe.s not exceed 10 cm/sec. The convergence of this 
net offshore drift along the bottom inside the surf 
zone, with the net onshore drift outside the surf 
zone, may account for the tendency of longshore 
bars to form beneath breaking waves. 

The instantaneous particle motion associated 
with shallow-water progressive waves is oscilla^ry 
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in nature, the motion under the crest being in the 
direction of wave propagation, while that under 
the wave trough is in the opposite direction. As 
wa\es approach the breaker rone, a differential de- 
velops between the magnitude of the crest and 
trough orbital vebwities; the velocity under the 
crest exceeds that of the tiough and bec^omes of 
shorter duration. In general, the differential be- 
tween crest and trough orbital velocities increases 
as the wave height and frequency decrease. How- 
ever, the picture of wave motion in shallow water 
is considerably complicated by currents and by 
longer-period waves or surges, such as surf beat. 

The relative increase in the onshoie velocity un- 
der the wave crest, as (*om pared with the offshore 
velocity of the wave trough, probablv ac-c-ounts for 
the shoreward migration of sand during periods 
of low waves, particularly when the waves have 
long periods. On the lUher hand, a greater amount 
of material is maintained in suspension above the 
bottom when the waves are high and have short 
periods, and for this f*onditicin the differential be- 
tween onshore and offshore cubital velocities is 
much less. Thus, the net offshore drift along the 
bottom may result in a net offshore transport of 
material when the waves are high and have short 
pel iods. 

High shoit-fifTiod waves also augment beac*h 
erosion bv increasing the velcwity of the cui rents 
in the nearshore circulation system. Sand is trans- 
ported along the beach bv longshore c urrents and 
through the breaker /one by rip ciirrcMits to deeper 
watcT, where it is dotxisited. It is probable that a 
significant net seaward tiansport of sedinumt bv 
diffusion occ urs hetweem the surf zone, where the 
(‘oncH'ntration of suspended sediment is high, and 
the offshoie waters, wheie the c'onc'cmtration is lel- 
ati\el\ hm. 

Oscillatory ripples, which foim on the sandy bot- 
tom, aie an irnpoitant factor in the mechanism of 
transportation and sorting of beach sands. Bec*ause 
turbulence and lift force are most intense at the 



Fig, 5. Laminations in the beach face at La Jolla, 
California. Black laminae are heavy minerals and the 
light ore quartz. Scale is 15 cm long. (From D. L Inman, 
Beach Erosion Board, U.S. Eng, Corps Tech. Memo. 39, 
1953) 


crest of the ripple, only the coarsest material i& 
deposited there. The fine material is placed in sus- 
pension and removed from the area, while the 
c‘oarse material moves with the ripple toward tlie 
beach. As a consequence of the sorting action by 
ripples and by the uprush and backwash on the 
beach face, beach sands are the best sorted sedi- 
mentary deposits. 

The beach face is frequently characterized by 
laminations (closely spaced layers) that shun 
slight differences in the si/e, shape, or gravity of 
the sand grains. The laminations parallel the beach 
face and represent differential sorting within the 
lamina as it is deposited by the uprush and back- 
wash (Fig. 5 ) . 

Longshore movement of sand. The movement 

of sand along the shore occurs in the form of bed 
load (material rolled and dragged along the bot- 
tom) and suspended load (material stirred up and 
earned with the cm rent). Bed load transportation 
results in part from the longshore component of 
the wave uprush on the beaih face and in pan 
from the fluid drag of the longshore current gen- 
erated by the wave action in the surf /one. Siis- 
pended load transportation ociiiis priinaiilv in llu 
surf zone wheie the liirhulence and verli* al niixing 
of water are most effective in jilacing sand in si^- 
pension, and where the longshore turients which 
transport the sediment laden waters have the high- 
est veloeit\. Concentrations of sus])ended -*and in 
the surf /one, as High as 30 g ''liter, ha\e been niea*'- 
iired along the coast of the Blaik Sea. suggesting 
that suspension is one of the most irnpoitant piof- 
psses in littoral drift. On the other hand, it is prob- 
able that suspension becomes less important for 
veiv coarse sand and cobble beaches. 

The volume of littoral transpoit along oceariu 
roasts is usually estimated tiom the obseived rates 
of eiosion or accretion, most often in the viciiiitv 
of coastal engineering strui'tiires such as groins 
or jetties. In general, beaches build seaward 
upeurrent from obstructions and are eroded on the 
current lee, where the supply of sand is dimin- 
ished. Such observations indicate that the transpoit 
rate varies from almost nothing to several million 
cubic meters per year, with average values com- 
monly falling between 150,000 and 600,000 ni"*' 
year. Along the shores of smaller bodies of water, 
such as the Great Lakes of the United States and 
the Mediterranean Sea. the littoral transport rate 
can be expected to vary from about 7000 to 150^' 
000 m 'veai. In general these are conservative esti- 
mates, since the volume of material moved com- 
monly exceeds that indicated either by deposition 
or erosion. 

The large quantity of sand moved along the 
shore and the pattern of accretion and erosion that 
occurs when the flow is interrupted pose senou* 
problems for the coastal engineer. The problem w 
particularly acute when jetties are constructed to 
stabilize and maintain deep navigation channels 
through sandy beaches. A common remedial proce- 
dure is to dredge sand periciilically from the act ft 
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nun on the up current side of the obstruction and 
deposit It on the eroding beai hes in the current lee 
Recent trends include the installation of perma 
ncnl sand by passing plants which continually re 
move the accreting sand and transport it by h> 
diaiilic tube to the beaches in the lee of the 
(ibstriK tion 

Source of beach sediments. 'I he principal 
sources oi beach and nearshore sediments are the 
ri\ers which bring large quantities of sand di 
rtctK to the o< ean the sea cliffs of unconsolidated 
mateiial which are eroded hv waves, and mate rial 
ui hiogenous oiigin (shell and coral fragments and 
skeleton*' of small marine animals) OccasionalK 
».( diinent mav be supplied by erosion of unc nnsoh 
ditcd deposits in shallow water Beuh sediments 
oil the coasts of Holland are derived in part from 
ihc shallow w iters of the North Sea Windblown 
Nind m i\ be a souice of beach sediment although 
winds art usually moie effective in removing sand 
finni Ilf ichfs than in supplving it In tropical lati 
tudfs m inv beaches arc composed entirely of 
iins of (alfiiim larbonite of biogenoiis origin 
tcnciallv the material consists of fragments of 
shells ( oT ils ind lahaieous algae growing on oi 
m ir Iringiiij: reels The niitetial is carried to the 
ht i( h b\ wave ic tion over the reef Semu beaches 
iM ( orn posed niainlv of the tests of foraminifcra 
»lnt li\f fin sindv bfittom offshfire tnmi thf nefs 
'^tif arils iiid livers are by tar the most import ent 
Mirie of mnd for be iches in lernper-ite latitudes 
( liff (Kision tuobablv dfies ruit acfoimt for more 
ill in ibout of the material on mcist beaches 
W i\< rosion of rof kv coasts is iisuallv si » c en 
wlifrf the roi ks ate lelalivelv soft shales On the 
llnr hind retreats greater than 1 rn a vear arc 
not uiif ornmon in the unc finsolidate d se a c liffs 
( I veil in 187^ showed that the (langes and 
Bnhinaputri Rivers (ari> a volume of sediment 
info the Hav of Bengal eaeh vear that is 780 times 
^sic itei thin the material eroded bv wave action 
(n»rn the {6 mile stretch of cliffs in the vicinitv of 
Holdfiness Fngland The Ilolderne ss < hffs which 
lie on the exposed North Sea coast are noted for 
thfir lapid rate of erosion According to I A 
they are 40 ft high and recede at the\rate 
ihout 7 ft per year 

'^iir prisingly the contribution of sand bv streams 
in irid countries is quite high (Fig 6) This is be 
<diise and weathtring produces sand size material 
uid results in a minimum cover of vegetation so 
thii occasional flash floods may transpoit large 
voluriif s of sand The maximum sediment vield oc 
lur-. from drainage basins where the mean annual 
t>iecipuation IS about 30 cm/year as has been 
hown by W B I anghien and S A Sc humm 
following initial deposition at the mouths of 
Jtreariis entering the ocean, muc h of the sand size 
* Me tion of terrestrial sediments is carried along 
|nt toast by longshore currents The sand carried 
'hese littoral currents may be deposited in con 
|^>ncntal embay men ts, or it may be diverted to 
ceper water by submarine canyons which traverse 



Fig 6 Sand deltas, such as Rio de la Concepcion on 
the and coast of the Gulf of Californio, are important 
sources of sand for beaches (Photograph from Scripps 
Institution of Oceanography, University of California 
La Jolla) 

the c cititinenral shelf and effei tivelv tap the supply 
of Sind He ( ent ohsc rvatjons by H W Menard sug 
gist ihal most ol the ebr p sediments on the abyssal 
plains along a 2S() mile section of the Calit<»rnia 
coastline are derived from two submuine canyons 
Dtigada Submarine Canvon in northern California 
and Monte rev Submarine Canyon in central Cali 
foinid 

Biological effects. The rigor of wave action and 
the (ontiniiallv shifting substrate make the sand 
bta<h a unicfiie biologa al environment Because 
few large plints can survive thr beach is occupied 
largely by animals and inic rosi opu plants Much 
of the food siqtply for the animaU consists of par 
tic uldtc matter that is brought to the bearb by the 
nearshore circulation system and trapped «n the 
sand The beach arts as a giant sand filtei that 
strain^ o it particulate matter from the water that 
pe re olatr s thr » igh the beac h fac e 

Since the beach fonning processes and the trap 
ping of material by c urrents and sand are much the 
same everywhere the animals found on sand 
beaches throughout the world are similar in as 
peers and habits although according to F Dahl 
different specie are present in different localities 
In addition *-ince the slopes and other physical 
properties of beaches are closely related to eleva- 
tion the sea animals also exhibit a marked hori 
zontdl zonation Organisms on the active portion of 
the beac h fuc e tend to be of two general types, in 
sofar as the procurement of food is concerned 
those that burrow into the sand using it for refuge 
while thev filter particulate matter from the water 
through siphons or other appendages that protrude 
above the sandy bottom , and those that remove or 
game material from the Mirface of the sand giains 
by ingesting them or by “licking ” There are usu- 
ally few spec les but those whic h are present may 
be very abundant, for example, Thoracophelia 
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nucronata^ a beach worm which ingests sand 
grains, was estimated to have a population of 100,- 
000/m ** in the fine sand beach at Jolla, Califor- 
nia, and the bean clam Donax gouldii has peak 
populations of over 25,000 'm- on the «4ame beach. 

A black laver is frequently found at depths of 
5 75 cm behiw the surface of the beach foreshore. 
Chemically this is a reducing layer which has pH 
values greater than 8.0. J. R. Bruce has shown that 
the discoloration is caused bv presence of ferrous 
sulphide which oxidizes to a reddish-\eIlow on ex- 
posure to air. The formation of the la>er is appar- 
ently related to the activity of bacteria on the or- 
ganic material in the beach. This reducing laver is 
conducive to the deposition of calc*iiim carbonate 
and may play an important role in cementing the 
beac'h sand and forming beach rock and nodules. 

In tropical seas the entire shore mav be c'om- 
po^ed of the cemented and interlocking skeletons 
of reef-building c-oraU and calcareous algae When 
this occurs, the nearshore current svKteni is cc»n- 
trolled by the configuration of the reefs that the 
organisms foirn. Where there are flinging reefs, 
breaking waves carr\ watei cner the edge of the 
leef. generating currents that flow along the shoie 
inside of the loef, and then flc^w lidck tc> sea through 
deep rhanncds between reefs I'ndei such loncWticms 
bearhes aie iisiialK resiii««ted to a berm and foie- 
shore face bordering the shoreward edge of the 
reef. ,SVe CORSI RH-i*. |u.l.i.1 

Rihliography: I). W. Johnson, Shore Professes 
and Shoreline Development, 191 P H. Kuenen. 
Marine Geology^ 1950; National Research Council. 
Treatise on Marine Efology and Pnleoecology, 
(reol. Soc, Am. Mem. 67, vol. 1. 1957: F. P. 
Shepard, Submarine Geology, 1948; U.S. Beac’h 
Krosion Board, Corps of Engineers, Shore Protec- 
tion Planning and Design, Tech. Kept. 4, 1957. 

Short circuit 

\ term commonly used to describe an electrical 
connection of negligible impedance cimnecled 
across a |mir of terminals. 

Common use implies an undesirable condition 
arising from electrical insulation failure due to 
improper operation, mechanical damage, or dam- 
age by natural causes such as lightning and rain. 
Protection against sui h short circuits is a mafor 
field in electrical power engineering {see Elkctric 
PRoiK.TiXF DhM(Fs), The location of short cir- 
cuits, or faults as they are often called, is made by 
electric bridge measurements. See CiRc im tfstinc, 
FLF.r IRK'AI.. 

Although short I'ircuits are undesirable on power 
transmission lines they are often used to advantage 
on high-frequency lines. For instance, a stub trans- 
mission line, one-quarter wavelength long and 
short-i irciiited at one end, acts as an insulator at 
the <»pposite end and therefore is used as a sup- 
port for a high-fiequenc'v transmission line. In a 
similar manner shorting bars are used to tune 
transmission lines. See Circuit, electric; Trans- 
mission LINFS. fR-i-R-] 


Shoulder 

The area of union between upper limb and trunk 
in tetrapods and man. The bony framework con- 
sists of an anterior clavicle (collarbone) and a 
posterior scapula (shoulder blade). They join lat- 
erally to form the shoulder joint, that is, the ar- 
ticulation with the humerus, or upper arm bone. A 
wide range of motion of the arm is obtained by 



Human shoulder/ back view. (From J M. Dunlop, 
Anatomical Diagrams, Macmillan, 1935) 

a ball-and-socket joint, the movement Iwing efiei led 
by anterior, posterior, superior, and inlet ior musik 
groups. Stability and strength of the joint, how 
ever, are poor. The axilla, or armpit, carries the ma- 
jor blood vessels and nerves to and from the arm 
and shoulder region, including the important bia- 
c hial plexus. See Boni ; Ski lf i ai sysifm 

I I .L '•1 1 

Shovel, power 

A power shovel is a digging machine, usiialh 
self-propelled on crawler, rubber tire, or sonic 
timf^b, rail mountings. It is equipped with a 



Principal parts of a crawler ihovel. (Cummins “Engine 


Co., Ltd.) 
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shovel boom* dipper attached to the front end of a 
dipper stick, dipper trip mechanism, padlock (dip- 
per sheave block), crowding mechanism and cables 
all carried on a fully revolving superstructure. So- 
called commercial sizes have capacity ratings from 
yd’; special sizes up to 40 yd’ have been 
product. See Bulk-handling machines; Con- 

STBUCTION EQUIPMENT. [d.O.H.] 

Bibliography: R. L. Peurifoy, Construction Plan- 
ningf Equipment^ and Methods^ 19.S6; U.S. Depart- 
ment of Commerce, Power Cranes and Shovels^ 
Commercial Standard CS90, 1958. 

Shrew 

Any of several small to very small mammals of the 
order Insectivora, a group which also includes the 
moles. Shrews occur on all continents except Aus- 
tralia. In the United States 24 species are recog- 
nized. These animals are generally considered to 
be the most primitive of living placental mammals. 
They have small, sharp pointed teeth, soft velvety 
fur, long snouts, five toes, and small eyes. 



The short-tailed shrew, Blarina brevieauda; length 5 in. 
(From E. L Palmer, Pieldbook of Natural History, Mc- 
Graw-Hill, 1949) 

Shrews feed either on the ground or in animal 
biiriows, eating various small animals, especially 
insects, but sometimes killing rodents larger than 
themselves. The strength of the shrew is remark- 
able. In relation to its size, the shrew is reputed to 
be by far the strongest of all mammals. Shrews are 
‘'h\ animals and are seldom seen, even where com- 
mon. See Insectivora. Lj-d-b-I 

Shrike 

member of the perching bird family liSniidae, 
fi7 known species distributed throughout the 
Northern Hemisphere, Africa, and New Guinea. 
Two closely related species occur in the United 
htdtes. 

The northern shrike, Lanius excubitor, and the 
mKRcihead shrike, £. ludovicianus, are similar in 
•‘PPeaiance, the latter lacking the faint, wavy bars 
the breast characteristic of the northern 
rike*. Tijgy bluish-gray birds, white below, 
black masks, black wings, and a long black 
bordered with white. The black mask and 
** hooked beak distinguish them from the mock- 
*ngbiicl, which they resemble. Shrikes are often 
butcher birds from their habit of impaling 



The red-backed shrike, Lanius colluno. (Eric Masking, 
National Audubon Society) 


insects, small birds, and other food animals on 
thorns and fence barbs. See Mockingbird; Pas- 
Sii.RII>ORMrS. [j.D.B.1 

Shrimp 

Any oi several marine animals belonging to the sub- 
order Natantia, order Decapoda, class Crustacea, 
phylum Arthiopoda. 

Economic importanca. Shrimp are among the 
most valuable marine invertebrates. They support 
an important fishery in the Gulf of Mexico and 
substantial fisheries off the Atlantic and Pacific 
Coasts. In 1954, the United States and Alaska 
shrimp fishery accounted for 268,000,000 lb, worth 



(o) The fresh-water shrimp, Gammarus fasciatus; length 
to % in. (from E. L. Palmer, Pieldbook of Natural His- 
tory, McGraw-Hill, 7949). (b) Crago septemspinoususf 
length to 2% in. (from P. M. Ouncon, ed., CasselPs 
Natural History, Cassell), 
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$61,000,000. The Culf of Mexico annually produoea 
about of the commerrial catch (see Fihii- 

KRits conservation). Approximately of the 
commercial harvest is taken b> trawls, fn addi- 
tion to the direct commercial value of shrimp, the\ 
are significant as food for fishes. The fresh-water 
prawns, which are rlosel> related to the shrimp, aie 
also significant in the aquatic food chain although 
they are of little commen ial value. 

Characteristics. In the United States at least 
ten species of shrimp are c(»rrimeiciallv important; 
4 in the Gulf of Mexico, 1 in the Atlantic, and Ty in 
the Pacific. Other species enter the commercial 
catch in lesser quantities. The common or white 
shrimp, Penaeus srtifrrusn i^ the most important 
and best-known species. 

Shrimp are in the same cirder with lobsters and 
cravfish and differ from them primarily in having 
an elongated abdomen with the sixth pair of abdom 
inal appendages (the uiopods) and telson foimed 
into an efficient swimming organ (acc Crayiish; 
loRsniti. The thorax is usuall> compressed, and 
the legs are long. Shrimp aic quite similar to cra> 
fish in their general anatomv, excepting the char- 
acteristics listed aho\e. Closely related are the 
prawns which oci ur in both fresh and salt water; 
in fdtt, the names shiimp and pi awn arc fiequently 
used inten hdiigeabK. There aic about IB.*! genera 
in the suborder, and several hundred species. They 
are world-wide in their distribution. 

Reproduction and development. Like other 
Atthropoda. the young of shrimp pass through a 
series of stages, or instars, in theii development. 
In the genera Penaeus and Lmifet the eggs hatch 
into a very primitive stage, i ailed the nauplius, and 
gradually < hangc to the adult form. In other genera 
the eggs hatch intci a more advanced larval stage. 

In Penaeus setiferus the male attaches a sper- 
rnatophorc (packet of sperm) to the female prior 
to emission of the eggs, which are feitilized as they 
are laid. Eaih female will produce about .S00,00() 
eggs at eaih spawning, and probably spawns more 
than once each season. In contrabt to most deca- 
pods (including several species of shrimp) the fe- 
male does not cariv the eggs but deposits them 
directiv into the water. There aie at least 10 larval 
stages. Most spawning takes place at sea. with the 
yiKing moving into estuarine waters soon after, or 
during, the last larval stages, when they are about 
50 millimeters long. After a period in estuarine 
waters, during which time the smallest shrimp are 
the closest to shore, they graduallv move back into 
the open sea. Spawning appears to be continuous 
from March thioiigb September. Other than on- 
shore-offshore movements related to development, 
the movements of the schools of shrimp appear to 
he wanderings in search of food instead of true 
migrations. Most shrimp are omnivorous, capturing 
such food as they can with their pinchers. The 
genus Crago, the most important Pacific Coast 
group, is made up of species which are primarily 
scavengers. 

Sizo and distribution. Shrimp and prawns vary 
in size from fresh-water forma less than 1 in. long 


to tropical marine species 2 ft in length. The fresh- 
water prawns of the family Palaemonidae are wide- 
spread in the lakes and streams of the eastern 
United States. There are also marine species in the 
family. One form in the lower Mississippi Valley Im 
about 4 in. long, large enough to be trapped by the 
river dwellers for food. See Decapoda (Crusta- 
cea). fj.D.B.J 

Shrink fit 

A shrink or heavy force fit has considerable nega- 
tive allowance so that the diameter of a hole is les^ 
than the diameter of a shaft that is to pass through 
the hole. Shi ink fits are used for petmanent assem 
hlv of steel external members, ^ls on locomotive 
wheels. The difference between a shrink fit and a 
force fit IS in method of assembly. Locomotive tires, 
for instance, would be difficult to assemble hv force 
whereas a shaft and hull assembly would he con- 
venient foi foree fit hv a Ii>draiiiic press. In shnnk 
fits, the outer member is heated, or the inner part 
is i ooled, or both, as required The parts are then 
assembled and lelurned to the same temperature 
See Ai i.owANf i* : Fom h ht. | imi h | 

Shunting 

The aet of connecting one device to the terminal-^ 
of another so that the c iirrenl is divided between 
the two devices in proportion to their lespectivt 
admittances. Shunting is widely used in ammefeis 
galvanometers, anc^ther cm rent measuilng instru 
menls to bypass part of the current around the in 
siiument so as to ehange the measuring range. Re 
sistois aie frequently shunted across tuned ciniiit'* 
to hniaden the tuning charaf teiistics. 

Shunting is equivalent to ccmnecting in parallel 
Shunting one resistor with anothei gives a h)wei 
resistance for the combination, whereas shunting 
one capacitor with another gives a total rapaci 
tancp equal to the sum of the individual value*'. 

Sec Al rHINAIINCr-C UBRI N I flKflll IHIORV: Hi- 
RM r-( UIIRLN I fIRtUll THEORY. |j.lVIH I 

Sideband 

The frequency band located either above or below 
the cairier frequency within which fall the fre- 
quency components of the wave produced hv the 
process of modulation (see Carrier; MooutA- 
iiON). Apart from the carrier, all components of 
an amplitude-modulated sinusoidal carrier, when 
taken together, form a pair of sidebands extend 
ing on either side of the carrier frequency in mir- 
ror symmetry and containing all the frequency 
components iif the modulating wave. The sideband*' 
above and below the carrier frequency are called 
upper sideband and lower sideband, respectively 
See Ami’litude modulation. (h.s.bi.J 

Siderite 

The mineral form of ferrous earbonate, often con- 
taining appreciable amounts of magnesium and 
manganese substituting for iron. 

Siderite may occur in sedimentary deposits OT in 
hydrothermal veins. It may be formed by the action 



of iron-bearing solutions on limestones. The equi- 
librium replacement of calcium for iron has been 
determined and found to increase as a function of 
temperature. It is found in England, (/reenland, 
Spain, and North Africa. In the United States it 
occurs in Connecticut, Pennsylvania, and the vari- 
ous mining districts of the Middle and Far West. 

Siderite has hexagonal (rhombohedial) symme- 
try and the same structure as calcite. Individual 
crystals are often rhombohedial in shape, some- 
times with ciiryed faces. Massive varieties also oc- 
( ur. Siderite is often brownish and sometimes gray 
or greenish. The specific gravity is 3.9 and the 
hardness is 4. The stability of sidc*rite is dependent 
on the partial piessure of oxygen. See Cardona ii- 
MiNiKAis; Iron. 

Siderocapsaceae 

\ familv of aquatic bacteria of the ordei Pseiido- 
monadales, found in iron-bearing waters. It is a het- 
erogeneous group of gram-negative organisms, pos- 
M*smng in common the ahilitv to deposit iron or 
manganese compounds around the cells Oil mor- 
phology iiiav be apparent onlv after tieatnient with 
Jilute ac id. A poorly studied group, onlv a few 
membcTs of the familv have been cultivated or ob- 
tained in pure culture. The species are organized 
into ten gencTd. seven c*ontaining enc apsulated c*ells 
and three c ontainiiig nonenc apsulated ones. See 
Tsl 1 l)C)IVIONM)AI ts. 

The spheiical cells of Stderocapsa occui in 
Miasses which are surrounded bv a common capsule, 
wheieas the cells of Siderosphaera, though similai. 
alwavs Of cm in pairs The ellipsoidal cells of 
^uieronema occ ui in chains sui rounded by a heavv 
gelatinous capsule, as do the rc»d-shdped cells of 
1 1 rrihat tetiurn The cocccud to lod-shaped cells of 
^nferomonas prodiic’e well-defined capsules which 
mav fuse to form zoogloea-like masses. 

In NaumannieUa^ a marginal thickening, the 
toius. completely surrounds the cell, whereas in 
(hhrohuim the toms remains open, being horse- 
''hoelike. 

The spherical c'ells of Siderorocf us measure less 
than a micron in diameter and lack a gelatinous 
‘ apsiile. The rod-shaped cells of the genera Sidew- 
hiuter and Ferrobacillus also lack capsules. Sidero- 



^Irotomicrograph of NaumannMIa species showing the 
torus. 
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barter occurs in neutral or alkline waters, whereas 
Ferrobacillus occurs in acid mine wastes. Ferro- 
bacillus ferroxidans is a strict autotroph, and ma> 
be Identical with Thiobacillus ferroxidans. [r.s.w. j 

Sight 

The special sense perceived and transmitted h> the 
visual apparatus. This includes the eve, the optic 
tracts, and the intracerebral pathways which tarry 
sensory impulses to both unconscious and con- 
st lolls levels of ppK eption. 

Light entering the eye through its aperture, or 
pupil, is fofused b> the crystalline lens and fluids 
so that the ravs fall on (»r near the retina. Light- 
and tolor-sensilive receptors, the rods and cones, 
are stimulated in a bioihemiial reaction iiividving 
rhodopsin. or visual purple, and other •substances. 
In some manner these, in turn, cause nerve im- 
pulses to be relaved to the brain in such a way 
that intensity, patterns, and diflerent wavelengths 
(c'oloi) of light are perceived so that the ob)ccts 
fiorn whi(‘h light originates or js refleitc^d are seen 
by the observer. .SVc Vay . Vision. | K.c^.si.l 

Signal generator 

A piece of electrcmic lesi equipment that delivers 
a sinusoidal output of acturatelv < ahhrated fre- 
c|ucmc*y I'lie frequent \ mav be anv where from au- 
dio to mic rowave. depending upon the intended use 
of the instrument. The freqiienc'v and the ampli- 
tude are ad)iistable ovcu a wide range. The oscil- 
lator must have extellenl frequent v stabilitv. and 
its amplitude must remain constant over the tun- 
ing range. 

The Wien-bridge oscillator is commonly used for 
frequciii ies up to about 200 kc. For a radio- fre- 
quency signal generator up to about 200 Me. a 
lesonant c iic uit oscillator is used (suc'h as a tuned- 
plate tuned grid. Hartley, c»r Colpitts). Beyond this 
range vhf and microwave oscillators are used. 

Many signal generators cHintain circuitry that al- 
lows tlie output to he either amplitude or frequency 
modulated The most common forms of amplitude 
modulation air sinusoidal, square-wave, or pulse. 
TRp frequency is eithei kept constant, is sinusoi- 
dal-modulated, or is swept linearly across a band 
of frecjiiencies. For example, for testing broadcast 
receivers, it is important to sweep the generator fre- 
quency over a range of dblO kc at a low rate, say 
60 times a second. .See Osciiiator. |.f.Mi.] 

BihliographY- F. E. Terman and J. M. Pettit, 
Elertronic Measurements^ 2d ed.. 1952. 

Signal tracer 

A device for the systematic test analysis and the 
location of the point xif improper operation of a 
radio receiver or audio amplifier. The servicing of 
a radio receiver can be a time-consuming task, par- 
ticularly if the cause of the failure is an uncom- 
mon orcuirence. TTie signal tracer simplifies the 
task and rombines into one instrument the several 
instruments required for receiver servicing. 

The general function of the device is to inject 
into the antenna a signal which can be traced at 
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various points through the circuit by using a vac- 
uum-tube voltmeter. The absence of a signal at 
points in the circuit permits tracing the trouble to 
the malfunctioning circuit component. 

The usual signal tracer includes a tunable rf sig- 
nal generator and modulator to provide the signal 
and an rf amplifier and audio amplifier for tracing 
the signal. Thus, the functioning of the receiver can 
be traced from the antenna terminals through the 
rf section of the receiver, the c’onverter stage, the 
i-f amplifier, and the audio amplifier. The local os- 
cillator of the receiver can also be checked. The 
gain of each stage is checked by measuring the out- 
put voltage and comparing this with the input volt- 
age. A low value of gain could indicate a weak tube 
or an improperly functioning compcment. 

The usual signal tracer includes several addi- 
tional features. One of these is a means for locating 
noisy potentiometers, such as the volume contnil. 
I f a high dc voltage is placed across the component 
and the audio amplifier and a loudspeaker are con- 
nected at ross the component, the noise, being ac- 
centuated b\ the high voltage, will be heard through 
the loudspeaker. The loudspeaker is u built-in 
feature which is also used to test the output cir- 
cuits of radios that were brought in for ser\ icing 
without their own loudspeakers. Another feature 
provides a means for measuring the p<iwer con- 
sumption of the receiver. This measurement can 
often provide a clue as t<i the underUiiig reason for 
component failure. »Vp Radio rkc mv (•.k. [h.i.k.I 

Signal-to-noise ratio 

The ratio, at some location, of some measure of the 
desired signal to the same measure of the total 
noise, abbreviated S N. This is a primary consid- 
eration in the design of anv communication svslem, 
and is a measure of the cfliciencv of the system. 
Distoition of the signal by noise (*auses errors. The 
oh|ecli\e of engineering is ihe maintenance of 
ern»r-lrce communications over the smallest pos- 
sibles N \alue. 

In radio communications, it is common to rate a 
receiver in noise fat lor (NF), The \dlue of the 
fdcl«>r is stated in decibel units of the noise von- 
tribution of the ret'eiver circuitry o\er that of a 
llicon*ticall\ perfect receiving device, (hjod en- 
gineering design can maintain a figure of approxi- 
matelv 2..S dh NF in the vhf band. See Noise, ei.kc- 

fw.US.] 

Significant figures 

'rhe iiuinhers considered here are real numbers in 
decimal form. All numbers are considered as posi- 
tive although the theory applies also to negative 
numbers. Rvcrv digit in a nuinher is significant un- 
less its sole purpose is t/> fix the position of the 
decimal point. Thus the significant figures in 81..S0 
are 3. 1, S, and 0 in 0.0315 only 3, 1. and 5 are 
significant; and in 3005 both zeros, 3, and 5 are 
significant. 

\ number having n significant figures has ji-fig- 
ure at curacy. Thus 31. .50 and 3005 have four-figure 


accuracy hut 0.00315 has three-figure accuracy. Evi- 
dently the number 3150 may have four-figure or 
three-figure accuracy. The so-called powers-of-ten 
notation is used to remove ambiguity. In the pow- 
ers-of-ten notation a number is written in the form 
a X 10^ where k is an integer and a equals 1 or 
lies between 1 and 10. In this notation all figures 
in a are significant. Thus 3150 would be written 
3.150 X 10^ to indicate four-figure accuracy and 
written 3.15 X 10* to indicate three-figure accii- 
racy. 

The process of writing a nuinher having /i-figure 
ac(‘uracy and differing as little as possible from a 
number having more than n significant figiiies is 
called rounding off the latter nutmber to n figures; 
when there is a choice, an even digit is used in pref- 
erence to an odd one. Thus 2.614, 2.185, 2.155. 
.3.2451 rounded off to three figures are 2.61, 2.18, 
2.16. and 3.25. 

An approximate number must be used generally 
to express the magnitude of a measured (piuntitv 
and the nuinher of significant figures in it is the 
index of its accuracy. The absolute error in an ap- 
pn>ximate number is the numerical difference he 
tween the number and a number consideied exai t 
The relative error is the absolute errni divided l»\ 
the exact value. The relative error is independent 
of the unit of measure and the position of the de« i 
nial point. It is the true index of uvvuravy. 'fhe er 
ror of d number having ri-figiire accuracy not 
greater than in ^he nth place. Hence, if the fir-t 
significant figiiie is A ^ 0. the relative 6rror is not 
gi eater than 1 (2A-10" *). 

The following facts should be observe^d in com- 
putation. Subtractions should be avoided. Note llic 
loss of ac*c'iiracy in 86.345 — 86.300 = 0.045. Abso- 
lute eiroF'- are the basis f>f fudging the at’cuiacv 
of a sum. Thus to add 8.6, 32.431. and 0.5751. find 
llie sum of 8.6, 32.43, 0.58 to get 41.61, write 41.6 
and realize that this may l»e in error hy 0.1 sin<e 
0.05 f .005 f .005 = 0.06. A prodiu-t or quotient 
is rounded off to the number of significant figuies 
in the least accurate factor. Thus, the product ol 
0.75 X .3.1416 IS 2.4. If is the relative error in 
u then the relative error in a power of i/, i'' 

PK,,i and in a root of a, it is E,,i 'w. 

[ L.M.K.l 

Bibliography I .1. B. Scarborough, Numerical 
Mathematical Analysis^ 4th ed., 1958. 

Silencer 

A devic’c employed to reduce the sound radiated 
from a noise source such as an automobile exhaust, 
air compressor intake, or gun muzzle. It is always 
associated with noise sources in which the trun«- 
tnission of sound accompanies a flow of gas or 
liquid. 

The term silencer denotes complete elimination 
of noise, a situation which rarely is realized. A 
more generally employed term is muffler. For a 
more detailed discussion of the design of 
noise attenuating devices, see Muffler. 
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Silicate 

A salt or ester of a silicic acid. The alkali-metal 
Silicates are water soluble, and sodium silicate is a 
s^iupy liquid known as water glass. It is used as an 
adhesive for corrugated boxes and as a waterproof- 
ing and fireproofing agent. 

Silicon dioxide is not soluble in water. When so- 
lutions of soluble silicates are acidified, a gelati- 
nous precipitate comes down which can best be de- 
scribed as a hydrous oxide and represented by the 
formula (SiO^a) rdliO),;. This hydrous oxide is 
scaklv acidic and will dissolve in alkaline solu- 
tions. Aqueous solutions of monosilicic acid, 
can be prepared by special techniques. 

The basic unit of silicates is the SiO^^ group 
which exists in orthosilicates such as Zn 2 SiOt. 
Other discrete silicate anions contain several of 
these SiO|* groups in groups or rings linked bv 
Si O Si bonds. Some of these anions are 
St , SiiOV* , SiiOj 2 ”’, and . Ex- 

tended chains and sheets of variable si/es are also 
known. Mica falls in this latter category. In some 
of these natiirallv oceuriing polymers, aluminum 
jtt)ins replace some of the silicons in the network. 
Sff CuVIfNT; Gl ASS AND GLASS PRODUns; SILICATE 

MiNniAis; Silicon, wr.] 

Silicate minerals 

Ml ^iluiitcs aie built of a fundamental structural 
mil the so-( ailed SiO| tetrahedron The crystal 
‘-inutiirc niav be based on isolated SiOi groups or. 

e eac h of the four oxygen ions can bond to ei- 
ther one or two silicon (Si) ions, on SiO| groups 
-hared in such a way as to form complex iso- 
liled giotjps or indefinitely extending chains, 
^hieis, oi three-dimensional networks. Mixed stnic- 
t'iies III which more than one type of shared tet- 
i ailed ra are present also are known. See SiLic on. 

Classification. Silicates are classified according 
to ilie nature of the sharing mechanism, as revealed 
h\ x-ray diffraction study, and an abbreviated 
form of such a < lassificatiun is given below. The 


Silicate structuras and their characteristic SI/0 ^ 
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Forms of silicon-oxygen linkage, (a) Nesosilicate 
(SiOi)^ . (b) Sorosilicate (Si^Or)^ . (c) Sorosilicate, or 
cyclosilicate (d) Inosilicate (SiOs)^'', showing 

chain structure of pyroxenes, (e) Inosilicate (Si|Oii)*» « 
showing bond structure of amphiboles. (f) PhyllosH'icate 
(Si20ii)‘'* , showing extended sheets, (g) Tectosilicote, 
showing three-dimensional structure of lazurite, a 
feldspathoid. (From W. L. Bragg, Atomic Structure of 
Minerals, Cornell, 1937) 

sharing mechanism gives rise to a characteristic 
ratio of Si to O, but it is possible for oxygen ions 
that are not bonded to Si to be present in the struc- 
ture, and sometimes some or all of any aluminum 
present must be counted as equivalent to Si. The 
constitution and classification of the silicates were 
controversial before the advent of x-ray structure 
analysis methods in 1912. The silicates were then 
usually considered as salts of silicic acids, many 
of them hypothetical, and a chemical classification 
as orthosilicates, metasilicates, and the like was 
applied. 

Stnictura. A dominant feature of the crystal 
chemistry of the silicates that in large part deter- 
mines the chemical complexity of these species is 
the dual role played by aluminum in the crystal 
structure. The radius ratio of this ion with oxygen 
is near the critical value between 4-coordmation 
and 6-coordination, and the aluminum (Al) ion can 
occur in one or the other or both roles simultane- 
ously. When in 4-coordination, the trivalent Al ion 
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Hub»titutes for the quadrivalent Si ion, introducing 
a valence deficiency of one unit and requiring a 
concomitant substitution of another cation else- 
where in the crystal structure to provide valence 
compensation. This mechanism usually involves 
the coupled substitution of a divalent for a mono- 
valent cation, as of calcium (Ca) for sodium 
(Na), less frequently of a trivalent for a divalent 
ion. Other less common mechanisms involve cou- 
pled omissions or substitutions among the anionic 
units of structure. In some silicates, such as those 
with a silicon-oxygen framework based on a poly- 
morph of silica, the serial substitution of \1 for Si 
is compensated by the entrance of a cation, suth 
as Na, into \acant interstices of the crystal stiuc- 
ture. 

The detailed crystallographic and phvHcal prop- 
erties of the various silicates are broad I v related 
to the t\pe of silicate framework that they possess. 
Thus, the ph\llosilicates as a group tvpicallv have 
a p]at\ crvstal habit, with a clea\age parallel to the 
plane of layering of the sti ucluie.^and are optkalh 
negative with rather high birefringence. The neso- 
silicates. based on an e\tend<‘d 1-dimensional 
rather than 2-dimensjonal linkage of the SiOj tet- 
rahedra. generally form crystals of prismatic 
habit; if cleavage is [iresent, it will be parallel to 
the direction of elongation. The tectosilicates 
commonly arc equant in habit, without marked 
preference for cleavage direction, and tend to have 
a relatively low birefringence. 

Important minerals. Silicate minerals comprise 
the hulk of the outer crust of the earth and form 
in a wide range of geologic environments. Many 
silicales are of economic importance. Among the 
i lavs, feldspars, and lefractoiy minerals, andaliisite 
and wollastonite are used in the ceramic industiics, 
rnita as an electrical insulating agent, asbestos and 
exfoliated vermicularite as thermal insulating 
agents, and garnet as an abrasive. Talc is a con- 
stituent of fac ial jiowder. Other silicates aie im- 
portant as oic minerals, beiy Ilium being obtained 
ftom beivl, zirconium and hafnium from zirc'on, 
and ihctriiim from thorite. Some silicates such as 
ladeite and nephrite are prized as ornamental 
materials, and peridot, garnet, tourmaline, and 
aquamarine are well-known gem stones. See Clay, 
(ommkkcial; Clay minerals; CfLAss and glass 
PR ciDicTs; Silicate phase fqitilibria. 

For discussions of c^ertain silicate mineral 
groups, 5ee Amphiboly: ANDAUism ; Chiorite; 
Chloritoid; Epidote; Fiidspar; Fflospathoid; 
Garnet; Humitj- : Mu a; Olivine; Pyroxene; 
Sc.apolite; Serpeniini-; Zeolite. [’c.lr.] 

Silicate phase equilibria 

Silicate phase equilibria Htiidie.s define the condi- 
tions of temperature, composition, and pressure at 
which silicates can stably coexist. Silicate phase 
equilibria relations are used by geologists, cera- 
mists. and cement manufacturers to explain the var- 
iation of composition of silica-bearing minerals, as 
well as their number and order of appearance in 


rocks, slags, glasses, and cements. They are also 
useful to interpret the chemistry of refractories, 
boiler scale deposits, and welding fluxes. 

Silica itself makes up nearly 609f by weight of 
the earth’s crust. The next most abundant oxides 
in decreasing order are Al-jOi, CaO. Na20, FeO, 
MgO, KoO, and Fe20^; all of these occur princi- 
pally combined with silica as silicates. Free silica 
and the hundreds of silicate minerals comprise 
nearly 979? of the earth’s crust. The study of sili- 
cate phase equilibria was initiated by geologists 
seeking to apply the pha^e rule of J. Willard (^ibbs 
to these abundant natural substances. Most of the 
work since 1907 has been done at the Geophysical 
l.abt>ralorv. Carnegie Tnstitiiti(»h of Washington. 
.See Rqdii idriitm, phase; Silk ate minerais. 

Silicate phase equilibria are determined in sys- 
tems generally specified by naming the components 
involvt‘d. Components are the smallest numhei of 
independently variable (hemical constituents nec- 
essary to express the composition of each phase 
present. A binary system has two components, which 
may be simple oxides such as NajO and Si02. or 
complex compounds such as Nd-jSiOi and NauSi^Or,. 
In either lase. the pieferred order of writing the 
components or oxides follows the rule that the ox- 
ides are grouped aciotding to itKTcasing valence^ 
of the cation, and then in alphabetical order, as 
KjO-Na-iO-CaO-Al.O'-SiOj for a quinaiy system 
and KjO* AlaOrfiSiOj or KAISi»Os for a complex 
eompoiiiid. J 

Patuilihriiim relations between molten siliiatc 
licfuids and crystalline silicates, called liqiiidus 
ecfuilihria, are most often determined. Kquilihria 
between crystalline silicates in the absence of anv 
licfuid silicate melt, called subsolidus equilibria, 
arc dctei mined only infieciuentlv. 

Historically, research has been from binary or 
ternary systems toward more comp1ii*aled sysiems. 
More than 500 systems have been studied to date. 
The racist complicated studies involve limited por- 
tions of a system with six components. Specific por- 
tions of multicomponent systems are delerminc-d 
because of their importance. For example, in 1913, 
the first complete silicate phd.se equilibrium study, 
the binary system NaAlSiiOM(albite)-CaAl 2 Si 2 Gh 
(anorthite) representing the very abundant rock- 
forming plagioclase feldspars, was determined bv 
N. L. Bowen, one of the most famous pioneering 
experimental petrologists. However, this binar> 
system was but a subsystem from the very compli- 
cated quaternary system Na 20 -Ca 0 -Al 203 -Si 0 z 
which has not yet been completely determined. 

Silicate crystal structures in general require at 
least 309?^ by weight of silica; hence the less sili- 
ceous portions of systems are often not determined. 
The limited number of possible silicate crystal 
structures determines the possible ratios of oxide** 
to silica in silicates. Certain elements substitute 
for each other in silicate crystal structures, and 
this reduces the possible varieties of silicates so 
that those making up the overwhelming bulk o 
rocks fall into less than a doxen major groups 



( dlled rock- forming silicateb. Typical of such 
groups are the feldspars and feldbpathoidb in which 
dikali ions substitute for one another and alumi- 
num and ferric iron ions substitute in part for sili- 
con ions, and the olivine and pyroxene groups in 
which divalent iron, magnesium, manganese, and 
I di( lum ions substitute for each other. Most experi- 
ments on silicate phase equilibria have been and 
continue to be on the relations within and between 
these important groups of minerals. See Fi.i dspar ; 
FuDspAnioiD; OiiviNf; Pyroxfne. 

Dynamic and static methods. Both methods 
are used to determine equilibrium in silicate sys- 
tems. Dvnamic methods like those used for metals 
and alloys, such as measuring the heat cffeits of 
phase changes on heating or cooling, are not par- 
ti< ularlv satisfactorv with silicates. These methods 
require large samples of silicates that are difficult 
to iirepare, and require also that equilibrium be 
n tidied quickly. Silicates in general are slow to 
react, and supercooling or superheating of hun- 
dieds of degn*es before reaction occurs is common 
Manv silicates react sluggishlv at temperatures of 
1000 oi higher Crystals in liquid may persist 
metastahly for weeks, niicleation of new phases 
rna\ require months and c'crtain cr\stallographif 
pioc esses, such as the ordering of aluminum and 
'‘iliron atoms into different structural sites, may 
lakc‘ a lifetime Siibsolidus reactions aie extremeh 
•sluggish and may require geologic time before 
*qui]ihrium is attained or even approached. Tl is 
this fact that pc^rmits the geologist and |>etrologist 
lo deteimine the past thermal history of a rock: 
the higher-temperature products are preserved for 
sludv, even through very long cooling intervals, h> 
ihe slow rate of attaining equilibrium 

Most silicate phase equilibria are determined by 
the static method of holding a sample under con- 
tiolUd conditions until ecpiilibrium is attained, 
then quenc hing the sample for examination 
Charges of 10 100 mg of pure components or 
ftlass, gel, or crystals of known composition are 
III* rapped in platinum foil and held in air in fiir- 
Tidfcs in which the temperature is carefully regu- 
lated Controlled partial pressures of oxygen or 
ineit gases are required to study systems with com- 
ponents, siic’h as FeO, MnO, FeaO?, and Ti02, thilt 
'Ue oxidized or reduced by contact with air, or that 
dllov with platinum. The samples are quenched 
rapidly to room temperature by dropping them into 
'^ater or mercury. Most silicate liquids with a ratio 
of oxygen to aluminum plus silicon of 2:1 or 3:1 
are viscous and quench to glass. Crystals grown 
Iroin liquid during the quench arc usually fine- 
grained and fibrous, and are easily recognized. Cer- 
tain displacive polymorphic transitions in silicate 
^rvstdls cannot be quenched and are studied by 
'special techniques, but in general the crystals sta- 
We at high temperature can be quenched and stud- 
at room temperature. The composition, amount, 
number of glassy and crystalline phases are 
determined by optical microscopy, x-ray diffrac- 
tion and thermal analysis. 


Silicpta phoM aqifilibrla 313 

Establishment of equilibrium. Equilibrium is 
established when the products obtained by heat- 
ing a sample lo a given temperature are identical 
with the products of cooling a sample to that tem- 
perature; no requirement is made regarding the 
texture, shape, or grain size of the products. An- 
other criteijon used in recognizing etiiiilibrium is 
that no i hange of the sample can be observed aftei 
holding the charge at a given temperature tor veiy 
long periods of time. Particulaily useful for this 
purpose are thin, sharp, crvstal fragments that 
sintei and become rounded on melting, or sphnteis 
of glass that devitrify to (Tystals befoie larger 
fragments are affectecl. When the same products 
ate obtained regjidless of starting mateiials, eqiii- 
lihriiim is thought to he attained. At equilibrium, 
the products aie usually uniformly distiibuted in 
the sample, and there is cMjnsistcncy between the 
equilibrium results of the svstem studied and those 
portions common to other eifuilibiiiim systems. Fi- 
nally. the results of ecjuilihrium are consistent 
with the tnmds shown bv natural occurrences of 
the same mineials. 

Diagrammatic representation. The use of dia- 
grams to present silicate phase equilibria is cus- 
tomary, as such diagrams express quantitatively 
the amount and composition of each phase present 
at diiv bulk composition in the system at anv tem- 
peiature Even when molten, silicates have very low 
vapoi pressuies, and the vapor pressure and com- 
position of the vapor are practicallv unaffected by 
large variations of temperature Therefoie the va- 
por phase is not considered and the phase diagrams 
aie drawn isoharically at a total pressure of 1 atm 
However, diagrams involving onlv a single compo- 
nent are usually drawn with temperature plotted 
against total pressure 

Qinary systems. Binary systems are plotted 
with composition (usually in percentage by 
weight) against temperature at constant piessure. 
An example of such a binary system with com- 
plete solid solution without a maximum or mini- 
mum is the system NaAISicOn-CaAloSijOh (Fig. 
1). The region labeled liquid plus feldspar is a 
twevphase field where feldspar, whose composition 
lies along the lower curve, coexists with liquid, 
whose c’omposition lies on the upper curve. A line 
connecting the liquid and feldspar that coexist at 
a given temperature is called a tie line. The curve 
separating the liquid field from the liquid-plus- 
feldbpar field is called the liquidus. The curve 
separating the liquid-plus-feldspar field from the 
foldspar field is called the solidus. 

A composition such as 50^ by weight 
NaAlSiyOn and 50% by weight CaAl 2 Si 20 R, or 
more simply AbofiAnsn.' is all liquid at tempera- 
tures above 1450^C. The first crystals to appear 
in it on cooling would be of composition Abi 8 AnR 2 
on reaching the liquidus at If equilibrium 

is maintained during further cooling, these crystals 
will react continuously with the liquid and change 
in composition toward Ab.'soAnso along the solidus 
and at the same time increase in amount. Simul- 
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Fig. 1. System NaAISltOs-CaALSioOs. (After N. L 
Bowen, Am, J. Sci,, ser, 4, 35:577S99, 1913; melting 
point of NaAISinOs from J. W. Greig and T. F, W, 
Barth, Am, J, Sci,, ser, 5, 35A:94, 1938) 



Fig. 2. System NaAISiaOK-SiO-j. (After J. F, Schairer 
and N, L, Bowen, Am, J, Sci.f 254:161, 1956) 


taneously the composition of the liquid will change 
along the liquidiis toward AlvnAnM. The ratio of 
liquid to crystals can be found at any tempera- 
ture by the lever rule, which states that the 
amounts of the two phases are inversely propor- 
tional to the distances of their compositions from 
the bulk composition. At ]28S^C, the last liquid 
of composition AbHsAnit will react with crystals 
and the entire mass wi4 consist of feldspar of 
AbftoAnso composition. 

Fractional crystallization occurs when crystals 
are removed from contact with the liquid for any 
reason such as by crystal settling or by protection 
by armoring of the core by a rim of different com- 


position. The magnitude of the change produced 
in the remaining liquid can be determined from 
the diagram if the composition and amount of crys. 
tals isolated are known. Thus, the equilibrium dia- 
gram can be used to determine the consequences 
of disequilibrium. 

The diagram for the binary system NaAlSi-tOw- 
SiOi’ shows no solid solution in the crystalline 
phases (Fig. 2). In most systems of this type, 
a solid solution in the crystalline phases does 
exist, but it is too limited to be observed by ordi- 
nary techniques or to be shown on the scale of 
the diagram. 

In the two-phase region of this system, a crystal 
of (*.om position of the appropriate components ex- 
ists with liquid until, upon healing, it dissolves in 
the liquid at the temperature appropriate for the 
particular bulk composition chosen. When cooled 
to the temperature of the eutectic, the first crystal 
of the composition of the second component appears, 
and the temperature remains constant until all the 
liquid has orystallized. The bulk composition is 
then represented as an aggregate of crystals of 
both components. Only at the eutectic composition 
and at the pure components themselves do crystals 
melt directly to a liquid without an intervening 
stage of crystals and liquid. Contrary to the Le^ 
havior of systems of metals, mixtures at the com- 
position of the eutectic in silicate systems rarely 
form intimately intergrown aggregates with so- 
called eutecjtoid tp:ture. Discrete crystals of both 
phases appear instead. 

Many other types of binary systems are known, 
and one additional type is described below. 

Ternary systems. Ternary systems are plotted 
in triangular coordinates with the three components 
at the apexes of an equilateral triangle, and tem- 
peratures on some surface such as the liquidiis 
are indicated by contours projected onto the dia- 
gram, as in the system KAlSiOrNaAlSiOi-SiOj 
(Fig. 3). The fields of primary crystallization 
of the various solid phases are indicated, as arc 
the compositions and melting temperatures of the 
end-members of solid solutions, intermediate com- 
pounds, and pure components of the system. Binary 
systems appear as lines on ternary diagrams; the 
system NaAlSi.sOs-SiOg discussed above appears 
as a segment of the boundary NaAlSi0rSi02. 

Isothermal sections. The use of isothermal sec- 
tions is another graphic method used to represent 
ternary systems. Phase relations and compositions 
are shown in detail at a specified temperature. An 
isothermal .section at 600®C for the system K AlSiOr 
NaAISiOi-SiOa is a typical example (Fig. 4). 

More complex systems are represented by tetra- 
hedrons or by various projections. 

Pseudobinary system. A pseudobinary system 
is shown in the temperature-composition diagram 
for KAlSiaOH-NaAlSiaOs (Fig. 5). TTiese com- 
ponents make up the abundant alkali feldspars. 
The system is pseudobinary; the equilibria r^P' 
resented by the heavy lines are truly binary? 
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fig 3 Liquidus of the system No AlSiO j-KAISiO j-SiOj. (After J. F. Schairer, J, Geo/., 58:514, 1950) 


the (Mfiiilihiia i c p resent fd li\ the Ijfjlil lines aie 
lernan and represrrit a schIjoii 
the (ompoMtions ol the phases ot whiih do not lie 
in the plane of the diaf>rani. The teinary iiatuie of 
this s>'.tem results fiom the ineongiiient melting of 
-olid solutions at and near KAlSi Oh composition 
U luaite. KAlSi.O(„ and a liquid i\liose composi- 
tion Is indii ated h\ the iiitei sec tion of the liquidus 
Hirldce and the jirolongation ot the line drawn 

Quartz 


from leucile composition thiough the bulk com- 
position of the feldspar under consideration. These 
tc Idtions are cipparent in the illiibtration of the 
system KAlSiOi-NaAlSiOi-SiOj (Fig. 3). 

The tiuly binary portion of the system KAlSiiOs- 
Na\ISi,Os is an evaniple of another major group 
oi hinaiv systems with a minimum in the liquidus 
and solidus, or with a maximum. The one cry«>tal in 
the solid solution series at the composition of the 
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^'9* 4. Isothermal section. In part schematic, showing 
system NaAISi04-KAISi0 1-5102# «• temperature of 


600°C. (After O. F. Tuttle and J. V. Smith, Am. J. Sci., 
256:587, 1958) 
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NaAlSi,0, 20 40 60 80 KAISi.O, 


weight, % 

Fig. 5. System NaAISiiOvKAISi^On. Heavy solid or 
dashed curves refer to binary equilibrium. Light solid 
or dashed curves refer to ternary equilibrium. (After 
J. F Schairer, J, Geo/, 58 515, 1950, N L Bowen and 
O. F. Tuitle, J, Geo/, 58-497, 1950; W S. MacKenzte, 
Am, J Scf., Bowen vol , 331, 1952) 

Tnuiiinuin melts directly to a li<(tiid without an 
Intel \eiiinf; ie|;ion of liquid and i ivstals. 

The appioximate limits of a two-phase subsolidus 
region aie shown, within whiih a homogcntoiis al- 
kali feldspat of intermediate (ornposition will 
separate into two alkali feldspar solid solutions. 
The < uive defining this region is the loc us of points 
representing pairs of i ompositioiis that (oexist, 
and is < ailed a solvus. 

\ siihsolidus. nonqiieiK liable polymoiphic tiansi. 
tion from monoclinh to tiuliiiii symmetrv is also 
shown. 

Applications. Silicate phase diagrams peimit the 
user to trace the paths of t rystalli/ation of a ghen 
composition both when ecfuilibtiiim is maintained 
and when discHiuilibiium occiiis. These paths place 
limits on possible lelations and theieby reslrkt in- 
terpretation of natural occ uiiencc's 

There are several impoitant generalizations 
whic h result fiom the determination of hiindnrls of 
phase diagrams for silicMtes. The most important of 
these is the generalization that solid solutions are 
ver> prevalent among silh^ates, and wide variations 
of composition are possible within a given mineral 
group. An imiiortant c‘onsc»cf uence is that the com- 
position of the (ivstal or ei>stalb growing fiom 
silicate medt changes as the temperature in the 
system vaiies The licfiiids also change eompe^sition 
during this process, and if liquids are separated 
from crystals, fractionation and differentiation of 
silicate magma can proceed verv extensively. Fur- 
thermore, careful study of the compositions of co- 
existing mineral phases can, after comparison with 
experimental results, indicate details of the tem- 
peratuies and pressures at whic*h the minerals 
were formed. 


The extent of solid solution in a mineral group 
varies with the temperature and pressure; the lim- 
its are indicated by the appearance of another crys- 
talline phase. High temperature favors greater 
solid solution in general, while high pressuie dc- 
ci eases the amount of solid solution. The extent of 
solid solution may be used in certain cases where 
the pressure of formation is known or can he ap- 
proximated to deteimine the temperature of forma- 
tion. The method lequires that two minerals with a 
common component coexist at equilibrium. If they 
are cooled so that they do not react, then their 
compositions b\ comparison with the appropriate 
solvus will indicate the temperature at which the 
assemblage formed Solvi arc kiKiwn in the pyrox- 
ene. feldspar, nepheline. and olhei abundant min- 
eral groups, so this method has wide geologic ap- 
plication. AVe (iroi o(.ic rut rmomf try. 

Since 19.S0 a fc'w expeiiinental studies ot the dis- 
tiibiition of trace elements between (oexisiing sili- 
cates have been made. The results suggest that the 
minor elements may also be useful to evaluate the 
tern fierat lire and piessure of formation of mineial 
a‘*sembldges. 

Anolhei generalization is that there aie fic 
cfiicntly shaip changes in the numbei and lelative 
amounts of the phases present as a gicen composi 
tion is coolc'd from an all-liquid to an all-civstalline 
state. Other sharp changes occur even in the ervs 
talline state. A great manv points have been 
established, most »f which ate of peritcctic fic 
action) points ralhei th*m eutectic points. A dc 
crease in temperature rnav cause an assemblage of 
minerals and liquid to transform comjiletelv into 
other minerals plus licpiid, to several new minerals 
or to a single mineral of intermediate cejmpositinn 
For c*xample, silic eons licpiid and leuc ite. KAlSijOi, 
react with each other on c ooling to form potassium 
feldspar, K A ISi Ok, atllSO^C. 

Phase equilibria siudic’s of aluminosilicates ha\e 
shown that wrhem inc ongruent melting occuis, the 
licfiiid formed is richc'r in silica than the newK 
formed crystal in most cases. Tliis generalization is 
of considerable significance in petrogenesis, as it 
indicates a reason for the progressive enrichment 
in silica of late mugmalic differentiatc's. See 

Phase equilibria btudies of silicate systems ha\e 
also shown that the hypothesis of the immiscibilitv 
of granitic and basaltic magmas is not useful gec»- 
logic-dlly. Licfiiid immiscibilitv has been shown to 
occur experiinentully. but only in compositions 
that are not found in nature. 

1'he available phase diagrams show that the 
silicate liquids that crystallize last and at lh<* 
lower temperatures, either by equilibrium or di^- 
ec|uilibrium crystallization, tend to be enriched in 
ferrous iron, silica, and alkali aluminosilicates 
with a molecular ratio of alkalis to alumina of 
unity. Further crystallization tends to remove the 
ferrous iron, and the last liquid remaining very 
closely approaches the system KAlSi0rNaAlSi04- 


SiOj shown above. This is known as pctrog- 
env’s residua s>htem. Two major tvpes of rocks 
are represented by this system. The most abundant 
are the granites, represented by the subsystem 
KAlSi^On-NaAlSi^Os-SiOj. Analyses of hundreds 
of granites plot in or close to the low-lcmperature 
“valley” on the liquidus of this system running 
from the KAlSi» 0 s-NaAlSi »04 binarv toward SiOj. 
1’his constitutes a major reason for believing most 
granites originate fiom silicate magmas. 

The second major tvpe of rocks represented are 
I lie silica-deficient teldspathoidal syenites of the sub- 
svstem KAISiOpNaAlSiO, KAlSi ,Os-NaAISi ,0s. 
Moie experimental detail is leqiiiied t<i understand 
all of the geologic consequences of this s\sleni, but 
there is excellent agreement between synthetic and 
natural assemblages of phases. A majoi piohlem 
remains in finding the reason uhv leitain magmas 
difTeientialc toward the silh a-dchc ient subsystem. 
The solution to this piohlem undoubtedly imolves 
inan> additional components. It is appaient, how- 
ever, that the join KAISi Os-NaAlSi Os, where bi- 
Tla^^, is a barrier oi hump ac'ioss which licfiiids do 
rM»t move as a consequence of ecfuilibiitim iivs- 
1 1 1 ll/at ion 

The c'oncejit of inc ompatilile mineial assem- 
]»l iges is anothei nia|oi conscMpience of studies 
of silicate phase ccjuilibria INcphelinc*. Na\lSiO|, 
is inc onijiatible at equilibiium with cpiait/, SiOj, 
as they react to form albile feldspar, NaAISiiOs. 
'Similarly leucite. KAlSi.O, , and quart/ are in- 
compatible and rcac I to foini potassium feldspar, 
K \1S| Os. Tens of incompatible assemblage's are 
nc»w known to pc'lrologists. The recognition of any 
of these assemblages in the fic'ld indicates unusual 
conditions iu whit h c'cpiilib] lum was not attained 

Since l‘)tH. siliiate jdiase ecpjilibiia in systems 
rMlh oxidi/able comjionents ba\p been intensivel> 
"liidied to dc'teiniine the effect ol variations of oxy- 
gen piessure upon the pliase relations. The results 
diorv that when ihe ox v gen partial piessure is 
‘hanged, the temperature at which minerals c'on- 
taining an oxidi/able (‘oinponent can exist is 
c hanged. The magnitude of the < hanges is quite 
leni.irkahle; a small fraction of an atmosphere of 
«>v\gen may cdiange the stabilitv limits of an irpi^ 
l»c‘aiing silicate by iniuh as .TOCC. Thi<5 princi- 
ple of course, is fundamental to the operation of 
blast tiirnaees. In nature, changes of partial pres- 
''Ure of oxvgen are expec'ted as gases are expelled 
from er\stalli/]ng magma, and these changes are 
‘•ow believed to affect profoundlv the course of 
»hff(*rentialion of the magma. The trend in silicate 
research is toward more detailed sludv of this 
partieiilurlv as it affeels the silica content 

the residual liquid. 

Much geological field evidence indicates that the 
ti*mperdtures required to obtain silicate liquids in 
^‘^ptTimental work are hundreds of degrees higher 
those determined bv various methods to have 
existed in magmatic assemblages or observed in 
Volcanic eruptions. Silicate phase equilibria studies 
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of increased complexity indicate that as the num- 
ber of components is increased, the temperatures 
required for liquid to foiin are lowered. The magni- 
tude of this effect is inadequate to explain the geo- 
logical discrepancy. Geologists have suggested that 
volatile components, notably HjO. cause the gieat 
lowering of liquidus temperatures. This has indeed 
been shown to be the c'ase, but expeiimentally the 
volatile components must be contained by high ex- 
ternal pressure. Pressures of H 2 O of 15,000 psi 
lower the temperatures of the liquidus as much as 
700"C; simultaneously, several per rent of HjO 
dissidve in the molten silicate. Reactions are 
greatly accelerated and important groups of hy- 
dioiis minerals become stable. So spectacular have 
bc'cn the lesults that most current reseairh in sili- 
I ate pha’^e ectuilihria for geologic'al applications is 
c’onduc ted under high pressures of volatile com- 
ponents. For additional detail, see Hic.H-PREShURF 
IMII NOMI-W. 

Theiinodvnamic theory is sufficiently developed 
to permit sili( ate jffiase ecfuilibria to he calculated 
whem values of the necessaiv phvsic'al-chemical pa- 
raraetc'rs aie available and ideal solution occurs. 
Ac'cuiate nieasiiiements of all these paiameters are 
difficult, and the results of most jihase equilibria 
studies aip not precise enough to allow calculation 
of theiinodvnamic jiaiamcters. Some simple sub- 
solidiis and liquidus jelations have been rigorously 
call ulated. In geiieial, however, the quality of cal- 
c Illations of complex t»henomena is poorer than 
lough experimental work, the usual difficulties of 
establishing eciiiilihrium notwithstanding. 

.SfcCiMixi: CiRAMic ir c iiNouxrY* Glass AND 

(rl ASS PRODIJC is; LllllOSPIII UI . LKX IILMISTRY Ol : 

Pliroioly; Porch AIN ; Riirac iory; SiiKArr*. 

I D. B. STfWARll 

Bihlioffraphy: Wilhelm Eilel, The Physical 
Chemistry of the Silicates, 1954; F-. M. Levin, 
H F. MfMurdie. and F. P. Hall, Phase Diagrams 
for C eramists, pt. 1. 1956, pt. 2, 19.59; L. H. Ahrens 
el dl. (eds ) Physifs and Chemistry of the Earth, 
vol. 1959; J. F. Schairer, Melting relations of 
tlie»>common loc'k-forming oxides, /. Am, Ceram, 
.Sor., 40:215-23.5, 1957. 

Siliceous sinter 

A porous silica deposit formed around hot springs. 
It is white to light gray, and sometimes friable. 
Geyseiite is a variety of siliceous sinter formed 
around geyseis. The siliceous sinters are deposited 
as the hot subterranean waters cool after issuing at 
tfie surface and become su])ersaturated with silica 
that was picked up at depth. The sinters are fre- 
quently deposited on algae that live in the pools 
around the hot springs. See Geyser; Thermal 
SPRING. [r. sieverI 

Silicoflageilata 

A class of unicellular flagellate microorganisms of 
the phylum Chrysophyta, which are a part of the 
marine plankton. Their exoskeletons, siliceous and 
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Fossil ond modern Silicoflagellato: Dicfyocha, Creta- 
ceous to Recent; Cannopihs, Miocene; Naviculopsts, 
Eocene to Miocene; Vallacerta, Upper Cretaceous. 


coarsely perforate, resemble those of the Radio- 
laria, with which they have been grouped. They are 
usually subpyraraidal or hemispherical in shape, 
delicately filigreed. and range in size from 10 to 
150 microns. Two families and eleven genera of 
silicoflagellafes have been described from sili- 
ceous sedimentary rocks ranging in age from Up- 
per Cretaceous to Recent, in association with 
abundant diatoms and siliceous sponge spicules. 
One genus, Divtyocha^ li\es in the ocean todav. See 
CllRYSOrHYl MlCBOPALFONlOlOfrY. 

|l). T JONIS] 

Silicon 

A chemical element. Si, atomic nutnbei 14, and 
atomic weight 28.09 Silicon is the most abundant 
electropositive element in the earth’s cTust. The 
element is a metalloid with a decided metallic 
liistei; it is quite brittle. It crystallizes in the 
diamond lattice, has a specifit gravity c»l 2.42 at 
20"C, melts at 1420^C, and boils at .3.500”C. The 
element is usuall) tetravalent in its compounds, al- 
though sometimes divalent, and is decidedlv elec- 
tropositive in Its chemical behavioi. It forms a 
great variety of inoiganic and c»rganic compounds 
Uses. Elementary silicon is used as an alloving 
constituent to stiengthen aluminum, magnesium, 
copper, and othei metals. It also has a deoxidizing 
effect on steel, and in much larger pi open lion it 
also confers chemical ineiiness on ierrous alloys. 
Silic'on of 09*^ J purit\ is used as the stalling mate- 
rial for silicone lesins, oils, and elastomers, and 
high-piirify silicon is used in semic’onduction de- 
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vices such as rectifiers, transistors, and solar bat- 
teries. 

Silicon dioxide, besides its use in tremendous 
quantities in the ceramic industries, is used as the 
raw material for making elementary silicon and for 
silicon carbide. Sizable crystals of it are used for 
piezoelectric crystals, those thin wafers of quartz 
which control the frequency of radio oscillators hy 
vibrating at a very exact frequency. Fused quartz 
sand becomes silica glass, used in chemical labora- 
tories and plants as well as an electrical insulator. 
A colloidal dispersion of silica in water is used as 
a coating agent and as an ingredient in certain pol- 
ishe‘». 

There is no widespread use of the hydrides of 
silicon. Small amounts are made and decomposed in 
the preparation of very pure transistor-grade sili- 
con. There aie some oiganochlorosilanes (such as 
CH SillCL') which contain silicon-hydrogen bonds, 
and these are valued because they may be converted 
into silicone polymers which retain the reacthe 
silane groups. These special silicones are used to 
impart water-repellent films to textiles and leather 

The organochlorosilanes are used for the mami- 
fatture of silicone polymers, which may be lesinoiis 
(< ross-linked structures of high molecular weight), 
fluid (linear structures with bloi king-groups at th^ 
ends), oi elastomeric (linear sirui tines of \etv 
high molecular weight, connected at inteivals h\ the 
action of cuiing agents). Such silicone materials 
are used for electrical insulation, as mold-release 
agents, for water-repellent coatings, as hydiaulic 
fluids, in polishes and lubricants, in cosmetics, and 
in a host of other applications. The silicate esteis 
are used as souices of pure silica, in paint formu- 
lations, and as heat-transfer fluids. 

Properties of the element. Naturally occurring 
silicon contains B9.6'f of the isotope of mass niini- 
hei 28, 6.2*^ of silic*on-29, and 4 2<^r of silicon-dO 
In addition to these stable, natural isotopes, arlifi- 
cidlly ladioactive isotopes of masses 27 and 31 are 
known. The expc'cted stability of an even-even I'^o- 
tope provides only a partial explanation for the 
pievalcnce of silieon-28 in the universe, and there 
must l»p some further explanation which necessarily 
becomes an important part of any theory of the 
genesis of the elements. See Fjfmints (cosjMI* 
abijxdan(l); Eiemi-nts anu Niicunys (oRK.^^) 

Elementary silicon has the physical properties of 
a metalloid, resembling germanium below it in 
group IV of the periodic table, and, to a lesser ex- 
tent, arsenic and boron in the diagonal relationship. 
It shows an appieciable electrical conductivity, hut 
this is clearlv semiconductance in the sense that it 
increases with rise of temperature. In very pure 
form silicon is an intrinsic semiconductor, 
though the extent of Its semiconduction is greatlv 
increased by the introduction of minute amounts ot 
impurities. Elements of the third group, stH’h 
boron, introduce atoms with a deficiency of elec- 
trons into the crystal structure and produce the 
called p-type silicon, which conducts an dectric 
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Table 1. Heels of formation of silicon, carbon, and germanium compounds* 


Carbon 

compound 

kcnl/mole 

Silicon 

compound 

kcal/mole 

Germanium 

coinpoiind 

kcal/mole 

CO,(ff) 

94.4 

SiUiiCs) 

201.3 

GcOjU) 

128.3 



SiO 

1.43 

(forms no carbide) 

CIl4(ff) 

17.9 

Sill4((;) 

11.9 

Gell4(ff) 


CI 4 

—50. (approx) 

Sil.U) 

27.7 

GeT4 


CBr4(ff) 

12.0 

SiBr.a) 

91.5 

OcBr. 


cca4(J) 

33.3 

SiCUCO 

149.1 

GeCl4(/) 

130. 

CF,(ff) 

162.5 

SiF.fff) 

361.3 

GeF4 



* (ff) (/) liquid; (a) solid. 


current by migration of electron vacancies or 
‘"holes.” Similarly, the semiconductance of pure 
silicon is greatly increased by the introduction of 
group V elements such as phosphorus or arsenic, 
hut in this case the increased cuirent is earned b\ 
migration of extia elecirons and the solid solution 
IS called n-lype silicon. See Slmh ondik tor. 

Silicon resembles the metals in its i hemic al be- 
havior, and is commonly assigned an electionega- 
thilv of 1.8 in the Pauling scale. Close investiga- 
tion of its relative electionegativity in the .sp* liy- 
1)1 id slate shows it to be about as electropositive as 
tin, and decidedly uoie positive than geitnanium 
or lead. In keeping with this ratliei metallic ebar- 
attet, silicon forms tetia-positive ions and a variet) 
of covalent compounds in which it is the positive 
paitner of a dipole; it appears as a negative ion 
111 only a few silicides, and, of <*ourse, as a positive 
i onstitiient of oxv acid or complex unions. Its <*hem- 
i< a I behavior is ( haracteiized further by a very high 
heat of oxidation, so that natural silicon is found 
111 the completely oxidized state as the dioxide oi 
as the silicate minerals. To indicate the extent of 
Its aftmitv for oxygen and the halogen elements. 
Table 1 gives the heats of formation of some rep- 
Tcscntative compounds of silicon in comparison 
Hith the corresponding compounds of carbon and 
gcinianium. Despite this high heat of oxidation, 
however, silicon apparently remains unoxidized at 
loom temperature for periods of many years; it has 
been shown to have a high activation energy for 
ovidatinn, and hence the rate of reaction bec'omes 
Appreciable only at temperatures in excess fif 

I20()®C. 


Crystals of the element are insoluble in single 
dilute or concentrated acids, but a mixture of con- 
' foliated nitric and hydrofluoric acids will dissolve 
die element slowly by converting it to the dioxide 
And dissolving the dioxide as tetrafluoride. The 
frvsialMne element is slowly soluble in roneen- 
^^ated solutions of sodium and potassium hy- 
droxide, in which it liberates hydrogen and forms 
’solutions of the corresponding alkali silicates. 
Finely divided silicon pre^ueed by reduction of its 
fnmpoiinds below the melting point of the element 
1*' correspondingly more active toward the same re- 
“Kents. 


of 


Several series of hydrides are formed, a variety 
kaJides (some of which contain silicon-to-silicon 


bonds), and also many series of oxygen-containing 
compounds which may be either ionic or covalent 
ill their properties. 

Natural occurrence. Silicon occurs in many 

forms of the dioxide and as almost numberless 
variations of the natural silicates. For a discussion 
of the structures and i ompositions of the represent- 
ative classes, see Silk VTh minirals. For a discus- 
sion of many other silicates, synthetic to a varying 
degree, see Ciramk tki hnolocy. In abundance, 
silicon exceeds hv far every other element except 
oxygen. It constitutes 27.72'^ f of the solid crust of 
the eaith, whereas oxygen constitutes 46.6 , and 
the next element after silic on, aluminum, ai-rounts 
for 8.13 . In fac‘t, all the solid material of the 

earth's crust, insofar as it has been available for 
investigation, is known to he silicioiis except for the 
c*arhondtc and phosphate roekh, which of course are 
not igneous or oiiginal. This tremendous abun- 
dance ot silicon makes it of paiticular interest as a 
chemical raw niatedal, and the versatility of its 
chemical behavior has encouraged more and more 
uses to he developed through intensive research. 

Preparation of the element. In the laboratory, 
free silicon can he obtained by i educing potassium 
fliiosilicatp with metallic potassium at elevated tem- 
peratures, followed hy washing out the resulting 
potassium fluoride with water. A somewhat more 
lonvenicnt method consists of the reduction of 
finely ground oi piecipilated silitMin dioxide with 
magnesium powder at red heat, followed by disso- 
lution of the resulting magnesium oxide in dilute 
acid and by washing the resulting brownish powder 
free of soluble material. Neither of these leactions 
gives a very pure product, since contamination liy 
the original starting materials or bv excess reduc- 
ing agent usually results. Commercial reduction of 
the dioxide is accomplished electrothermally with 
carbon at a temperature considerably above the 
melting point of the silicon, as shown in the fol- 
lowing equation : 

Si02 + 2C ->81 + 200 

Table 2. Composition of a commercial silicon 

Si 98.53% Ca 0.12% Other metals O.OS 

Fe 0.56 Mn 0.04% Oxygen 0.34 

Al 0.31 Ti 0.02 
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Since quartz, sand, and other natural fornrift of silica 
always contain some oxides of iron, aluminum, ti- 
tanium, and other materials, the silicon so obtained 
u<mally is of about 98^ purity. A typical analysis 
of such a commercial silicon is given in Table 2. 
The impurities may be reduced b> grinding the sili- 
con to 50 100 mesh size and leaching exhaustively 
in a dilute mixture of hydrofluoric and sulfuric 
acids. Very pure silicon for use as a semiconductor 
mav be prepared bv purifying the tetrachloride ex- 
haustively by distillation and then reducing it with 
exceedingly pure distilled zinc, followed bv distilla- 
tion of the zinc chloiide and fusion of the spong\ 
or powdered silicon. Further purifu'ation then is ac- 
complished by /one melting and solidiflcation or bv 
growing single cr\''tals from a laige bath of melted 
material. Sre Zost rffinino. 

Principal compounds. Silicon forms useful and 
important compounds with h\drogen, carbon, the 
halogen elements, nitrogen, oxsgen. and sulfui. Tn 
addition, useful organosilicon derivatives have been 
prepared. 

Hydrides. The hvdrides of silicon arc named sil- 
anes, the compound Silli licing called inonosilane. 
SijHf, disilane. Si Hs trisilane, and s<i on Cam- 
pounds in which owgen atoms alternate with sili- 
con atoms in the principal part of the stiucturc are 
called siloxancs, and those with nitrogen between 
silicon atoms are < ailed sila/anes. All other cova- 
lent compounds of silicon aie <nnsideied for the 
purpose of nomenclature to be derived from these 
silanes and modified silanes and ate named act end- 
ing to substituent groups and their placement along 
the principal silicon-containing diain or ring. Thus 
(CjHr.l SiOH is triethvisilanol. [(CHi)2Si01i is 
octamclhvlcve lotetrasiloxanc, C,,HnSiCl is jihenyl- 
tfH hlorosildfie, CHjSillClj is methyldh hlorosilane, 
and so on. 

The hvdiides of silicon were fiist investigated 
thoroiighlv h\ Alfied Slock, who picparcd them bv 
the reaction of magnesium silicidc (from the reac- 
tion of si|i( a with exe’css magnesium at minimum 
temperature) with dilute acjueoiis hydrothloric oi 
pho-^phoiic aiid. He obtained the saturated seiie^ 


Table 3. Hydrides of silicon and some derivatives 


Name 

Formula 

IVIclling 

point, 

Boiling 
point, ®C 

MnnoHilnnc 

Sill« 

-185 

-112 

Disilaiie 

SiAI* 

-133. 

-14 5 

T'risilaiie 

Si,H, 

-117 

-1-52 9 

Tell asi lane 

Sullin 

-90. 

109. 



(approx) 

(approx) 

Chlorosilaiif* 

SilliCl 

-118 

-30 4 

Dirhlorosilano 

SilfjCh 

-122 

+8 3 

Tiirhlorosilanc 

SiHCl, 

-127 

31 8 

Broniosilano 

SiH,Br 

-94 

19 

Dibromosilano 

SilTzBrs 

-70 1 

06. 

Trihromosilane 

SiHBr, 

-73 5 

(approx) 
111 8 

lodosilnne 

SiHJ 

-57. 

45 4 

Diiodosilaue 

SiHsh 

-1.0 

149.5 

Triiodoailam' 

SiHI. 

8. 

220. 

Disiloxane 

II,SiOSiII, 

-144. 

-15 2 


of silanes given in Table 3, all of which could 
now be derived more readily from the correspond- 
ing chlorides by reduction with lithium aluminum 
h> di ide in ether solution 

2Si,Cl, + 3LiAlH, 2Si2Hr. + 31aCl + 3A1C^ 

The products must be handled in a well-designed 
vacuum system, because all the silanes are readily 
oxidized bv air and foim spontaneously flammable 
or explosive mixtures with air. All are also attacked 
by water in the presence of even minute traces of 
hydroxvl i«)n to evolve hvdrogen and form silicic 
acid oi hvdrated silica. The reaction with water is 
further accelerated by larger amounts of inorgani(* 
or organic base and becomes a dependable method 
for the quantitative deteimination of hydrogen 
bonded directly to silicon, since each silicon-hydro- 
gen bond evolves one molecule of Hj. 

The hydrolvsis of silanes is lielieved to take place 
thiough Ihe cooi dination attachment of a hvdrovy] 
ion to silicon, followed bv the loss of a hvdride 
ion and its ronseqiient combination with a proton 
of watei to form molecular hvdrogen. \ similai 
pioiess takes place in the hvdiolvsis <»f silicon hal 
ides, ejecting a halide ion and producing the cor 
responding hydiohalogen acid along with silicic 
acid OI silica. It is finther believed that inolec ulcs 
of water mav coordinate in the same wav as hv- 
dioxvl ions in the initial phase of the reaction and 
that the denionstl^ted ability of silicon to expand 
its valency gionp to accommodate •-ix covalent 
neighhois allows this process to go on lapidly The 
corresponding mechanism is. of course, not availa- 
ble to c arhon, which lacks cZ-oiIutals for the expan 
sion of its c’ovalencv shell bevond foiii atoms or 
gioiips. See Por YMFR. inorganic . 

The silic'on hvdiides dec ompose thermallv at ele- 
vated lemperdtuies to liberate hvdrogen and deposit 
spongy, hiownish silicon. The most stable hvdiide. 
inonosilane, decomposes rapidly at 500°C and 
slowly hut appreciably at 250®C, especially in the 
presence of solid materials such as silica gel or 
activated alumina. The gas-phase reactions of the 
silanes are c'oiiespcmdinglv limited because of this 
c’ompeting decomposition but all undergo such re- 
actions as addition to the double bond of olefins at 
slightly elevated temperatures or in the presence of 
catalysts which generate free radicals. Thus mono- 
silane adds readily to ethvlene at room temperature 
under irradiation with ultraviolet light to form 
ethy Isilane 

SiHi 1 H,C -CIl2-^C2H.sSiH3 

A corresponding reaction occurs in a general way 
whenever any compound containing a silicon-hydro- 
gen bond is mixed with an alkene or an alkyne 
under appropriate conditions of concentration, 
temperature, and catalyst, so that organosilanes and 
their derivatives become available by this route. 

The silanes are oxidized rapidly or explosively 
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1)V the halogens, but react in controllable fashion 
with hydrogen halides in the presence of the cor- 
responding aluminum halide to yield halogen-sub- 
stituted silanes. By control of the concentrations 
and conditions, progressive substitution with halo- 
gen is possible. 

Of the substituted hydrides, trichlorosilane (sili- 
cochloroform, SiHCh) is perhaps the best known 
because it can be prepared readily by the action of 
hydrogen chloride on elementary, crystalline, or re- 
duced silicon at a temperature of 300-4S0''C. Since 
it boils at t31.8®C, it is easily separated from the 
tetrachloride and other chlorosilanes by distilla- 
tion, It shows the npical leactions of the siliron- 
li\drogen bond, as well as those of a silicon chlo- 
ride. 

Silicon rat hide. The reduction of silica with ex- 
cess carbon iindet appropriate conditions gives sili- 
con carbide, SiC, which i rvstallires in a number of 
forms but is best known in the cubic-diamond form 
with spacing Un of 4.3,3 \ (compaied with 3.36 A 
foi diamond). In the pure form, silicon <‘afbide is 
(olorless, but the commeicial jiroduct known as 
Carboiundum is black and has a bluish or greenish 
irides<'en( e. The carbide is not easily oxidized bv 
dir except above 1000°C, and retains its phvsical 
sifenglli up to this temiieralme For these reasons 
it is a favorite structiiial refrar tory mateiial for 
the ceramic arts. It also is extremely hard, with a 
Alohs hardness m excess of and so has found 
wrde aptdication as an abrasive. It melts in the 
nMfthborhood of 27()0°C and is (pirte unieactive 
except toward oxidizing agents at temperatures up 
to 1()00^(^. Chlorine will convert the hot carbide to 
a mixture of carbon tetrachloride and silicon tet- 
rathhuide. Although the bond energx of the car- 
bon-silicon bond was long believed to be in the 
neighborhood of 38 kcal mcde, it is now believed to 
l)c more nearly 73 kcal /mole. .See Abr\sixt . 

Sihron halides, Silicon tetraclil(»ride, SiCli, is 
perhaps the best-known covalent compound of sili- 
con It is readily available commerciallv. It can be 
prepared bv chlorinating elementary silicon, or by 
the action of chlorine on a mixture of silica with 
hnel\ divided carbon, or by the cblori nation of sili- 
con carbide. It is a volatile liquid which fumes^in 
nroist air and hydrolyzes rapidiv to silica and hv- 
droclilorie acid; the mechanism of this reaction, 
^^hi(h so sharply distinguishes the tetrachlorides 
of silif'on and carbon, has been given above. Silicon 
tetrachloride reacts readily with alcohols and glv- 
'ols to form the corresponding ethers, which mav 
dlsii be considered to be esters of silicic acid: 

SiCU + 4QH,OH 4HC1 + SifOCjII,) , 

h also reacts with Grignard reagents and with the 
of zinc, lithium, and mercury to produce or- 
Ranic derivatives of silicon, and has been used as 
® ''tarting material for the commercial preparation 
such compounds. 

Some of the principal halides of silicon, together 


Table 4. Halidas of silicon 



For- 

Melting 

Boiling 

Name 

miila 

point, 

point, ®C 


Tetrnfluorosilnne 
(silicon tetrafluo- 


lide) 

Tctrachlorosiinnp 

SiF4 

-95 7 

-65 at 1810 mm 

(silicon tetra- 
chloride) 

SiCb 

-70 

+57.6 

Tel rn brf nnoailn no 




(silieon ictra- 
bromido) 

SiBr4 

+5. 

1.53. 

Tetruiodosilane 




(silicon tetruiodide) 

Sil4 

121. 

290. 

1 lexachlorodiailnue 

SiiFb 


147 

( IctnchlorotriHiluiic 

Si cu 


216. 

IVcnc lilorotelraKilune 

Sii(3,o 


1.50 at 1.5 mm Hg 

1 fexabroniodisiltiiie 

Si>Brfl 


265 

rTcxafliiororiisiioxane 

SijOFu 

-17 8 

-23 3 

1 lexac hlorodisiloxane 

Si .on,, 

-28 1 

-fl37 

l1exa)>roinodisi1o\nne 

SLORio 

f 27 9 

118 at 15 mm IJg 


with their physh al propeities, are listed in Table 4. 
Although the iodides decompose readily with the 
lilieiation of iodine to limit their utility in some 
reactions, all show the < haracteiisfjc properties of 
the silicon-halogen bond such as ready Indrolysis 
and traction with alcohols and (trignard reagents. 
Silicon tPtiafliioride conqdexes readily with hydro- 
gen fliiniidc to pioduce fliiorosilicic acid, lIjSiFi,, 
which forms a well known series of fliiorosilicate 
sails. The c*lilorides, biomides. and iodides do not 
form complex acids of this tvpe, but hexacovalcnt 
silicon is known in some chelate compounds con- 
taining bidentale gioups. Mixed halides containing 
more than one kind of halogen are known, and 
psinidohalides containing cyanate, ibocyanate, or 
thiocyanate groups cun leadilv be piepared by ex- 
change reactions or by reaction of the silicon chlo- 
lides with silver ( vaiiate. isoevanate, or thiocyanate. 

Stlifon nitride. The action of nitrogen on elemen- 
tary silicon at 1300"C or above produces a refrac’- 
tor\ sili(*on nitride of the composition .^itNi, The 
same substance results fn>m the thermal decompo- 
sition of ammonia addition c'ompounds of mono- 
silane or silicon tetrachloride, probably by way of 
the inteimediate silicon imide, Si(NH) 2 . which, 
like the dioxide, is polvmeiic. The nitride is in- 
active chemically and has some use as a refractory. 

Silicon oxides, Silicon dioxide is perhaps best 
known as ime of its cr>stdllinc modifications called 
quartz, colorless crystals of which are also known 
as iliinestones and Glens Falls diamonds. Purple or 
lavender-colored quartz is called amethyst, the pink 
variety is rose quartz, and the yellow type, citrine. 
At 530®C the ordinary or «-quartz changes over re- 
versibly to ^-quartz, whjeh has a lower density, and 
at 870°C )S-quartz changes to a different crystal 
modification, /J-tridymite. At a still higher tempera- 
ture, 1470"C. )8-tridymite becomes a third modifica- 
tion called jS-cristobalite. Both )3-tridymite and /8- 
cristobalite have lower temperature a modifications 
which have lower optical symmetry, and all the 
forms can be maintained at room temperature if 
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chilled rapidly from the stable equilibria. F-ach 
appears to have its oivn melting point, but the usual 
melting point for silica is that of jS-cristobalite, 
about 1710®C. Rapid chilling of the liquid produces 
silica glass, often incorrectly called quartz glass, 
a vitreous modification of SiOa which has a very 
low coefficient of expansion and is. of course, iso- 
tropic. This silica glass finds many uses because of 
its resistance to thetmal shock and its low elec- 
trical conductivity; it is useful in the temperature 
range below 1000°C, but above this temperature it 
begins to devitrify and at 1250®C will crystallize 
quite rapidly. 

Because rock crystal has been collected and ad- 
mired for thousands of years, large and perfectly 
formed natural crvstals of quart/ now are very rare. 
With the growth of radio broadcasting and the elec- 
tronics industry, piezoelectric crystals cut from per- 
fect specimens of quart / have been used in increas- 
ing quantities, to the point of scarcity of natural 
cr\stals. As the supplv diminished, consideiable ef- 
fort was devoted to the problem of growing cr\stals 
of quart/ by artificial means. Some success has been 
achieved bv growing the crystals hydnithermallv 
from a solution of silica glass in water containing 
an alkali or a fluoride, the whole being maintained 
at a temperature of 200-300°C or highei in a high- 
pressuie bomb. The vitreous silica has a higher sol- 
ubility in an aqueous medium at the operating tem- 
perature than does quartz and so will dissolve in 
the solution and crystallize out upon a tiny seed 
erv stal of quart/. The solubility of quart/ in water 
and in solutions of hvdroxides or fluorides does not 
deciease sharply as the critical point of water is 
reached; in fart, the solubility in pure water above 
the (Title a1 point is ample for growing crvstals 

A number of natural non* rvstalline varieties of 
silicon dioxide also are known, such as the hy- 
drated silica known as opal and the dense unhv- 
dialed variety known as flint. Onyx and agate rep- 
resent still other semiprecious forms. See (»nvi ; 
i)\ \RT/. 

Silicon monoxide, SiO, is a brownish powdei 
which can be obtained bv heating a mixtiiie of 
finely divided silica and elementary silicon in the 
absence of aii above 1400°C. It is much more vola- 
tile than the dioxide, and is used to form a durable 
coating on lenses and mirrors and in electron mi- 
croscopv for shadowing. There is considerable 
doubt that the monoxide persists as a stable sub- 
stance at temperatures below 1.300"C: it seems 
to disproportionate into crystallites of silicon and 
silica if it cools slowlv. The monoxide oxidizes 
readily to dioxide, wbh h of course does not inter- 
fere with its use as a lens coating. At a tempera- 
ture of 'lOO-AOO^C it also is reactive to halogens 
and behaves in general as a readily oxidized lower- 
valent compound of silicon would be expe(‘led to 
do. The onlv other known compounds of divalent 
silicon are some nonvolatile liquid lower chlorides, 
which are also covalently iinsaturated and will re- 
act (for example) with methyl chloride to form 
methylchlorosilanes. 


Sulfides. Although no monosulfide of silicon has 
been isolated, silicon disulfide is known in the form 
of long, flexible acicular crystals which appear to 
be infinite chains of SiSi tetrahedrons. The crystals 
are mechanically strong in the direction of the 
long axis but hydrolyze readily to produce silica 
and hydrogen sulfide. 

Esters of silicic acid. As indicated above, the re- 
action of ethyl alcohol with silicon tetrachloride 
produces ethyl silicate, a colorless, volatile liquid 
of pleasant odor which boils at 168®C. Because this 
can be distilled to a high degree of purity and 
is made from materials which contain no alkalies 
or other ionic impurities, it is a favored source of 
pure silica to be used for the pr^aration of silicate 
phosphors and similar materials. It hydrolyzes very 
slowly in pure water but more rapidly in the pres- 
ent e of a small amount of dilute acid as catalyst, to 
form hydrated silica and ethanol. The hydrolysis 
can also be conti oiled with limited water to give 
condensed ethyl polysilicates, which have been used 
as paint vehich^s for the protection of masonry. 

The reaction of methanol with silicon tetrachlo 
ride produces methvl silicate, a liquid of camphor- 
like odor which boils at 121®C. Tliis might be ex 
pected to have the same uses as ethyl silicate, but 
when made in the manner indicated, it is an 
tremely dangerous substance to handle It cause*, 
perforating ulceration of the cornea and eventual 
blindness. The same methyl silicate can be made 
by the direct aqlion of methanol on elementarv 
silicon at elevated temperatures and in the pres 
ence of a copper cataivst, and this product (made' 
in the absence of halogen-containing substances) 
has been found to have no adverse physiological 
effect upon experimental animals. 

Higher alkyl silicates, as well as some aromatic 
silicates, are items of commerce and find some use 
as heat-transfer media because of their long liquid 
range and their considerable thermal stability. All 
will hvdroly/e in the presence of strong acids and 
bases, however. 

Organic compounds. Important organosilicon 
derivatives include telraalkyls and telraaryls, hal- 
ides, hvdi ides, and the organosiloxanea. 

Tetraalkyls and telraaryls. Organic compounds 
of silicon which contain direct silicon-carbon bonds 
have been known since about 1860, and some of 
them show remarkable thermal stability and re- 
sistance to oxidation. The tetraalkyl- and tetra 
arylsi lanes can be made by the action of Grignaid 
reagents, zinc alkyls, lithium alkyls, or other alky- 
lating agents on silicon tetrachloride, followed bv 
hydrolysis of the reaction mixture and distillation 
of the desired compound. A list of some representa- 
tive compounds, together with their physical prop' 
erties, is given in Table 5. Of the compounds listed, 
tetrapbenylsilane has the most striking stability: ** 
can be distilled in air at 428°C, and remains qull^ 
unchanged. Tetramethylsilane docs not decompo'^e 
until a temperature of about 600®C is reached, but 
It does oxidize at 3S0°C or higher. 

Organosilicon halides and pydrides. The orgar’^* 



Table 5. Organoellicon compounds of the type* R^SI 
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Compound 

Formula 

Melting point, 

Boiling point, °C 

Tetromethylsilano 

(CH,)4Si 


26.5 

Trimethylethylsilane 

(cn,).sic.H. 


62. 

Dimethyldiethylsilane 



%.8 

Methyltrlethylsilune 

CIT»Si(C*1Ii)2 


127. 

Tetraethylsilane 



153. 

T riethylviny laiiane 

(C,lls)vSiC,H, 


116. 

Dieth y Idipheny Isihme 



297. 

Tetrapropylsilane 

(n-C,H7)4Si 


212. 

Tetrabut y isilane 

(n-CtH»)4Si 


157 at 22 mill llg 

Tetraphenylsilane 

(C,lU)4Si 

233. 

428. 

Tetralieiizylsiln ne 

(C,HsCHt)4Si 

127. 



rompoiinds of silicon which contain both diiectlv 
attached organic groups and silicon-chlorinc or 
silicon-hydrogen bonds are of greater interest than 
ihe tetraalky] silanes because they lend themselves 
so well to further reactions and hence may seive as 
(heraical intermediates for a wide variety of or- 
ganosilicon products. The alk>l and aryl chloro- 
silanes represent one cla^^s of such compounds, and 
these find application as intermediates for the 
pieparation of silicone polvineis. In general, or- 
ganosilicon halides may be made h> the action of 
ihe classical organonietallic reagent*-, such as lith- 
ium alkyls and Giignard reagents, on the halides of 
silic on accoiding to the general equations 

SiX 4 + yRMgX R,;SiX 4 „ + vMgXz 
Si2X6 + yRMgX RySi2X6 v + vMgXe 

This substitution method has extteme fit Nihility 
4ind so is widely ap|)licable to laboratory and com- 
mercial preparations. For quantity production of a 
limited number of organochloiosilanes, hot\ever, it 
has given way to the direct ssvnthesis from alk\l or 
ar\ I chlorides and elementary silicon 

2RC1 + Si R 2 SiCl 2 and other products 

Heat 


For example, methyl chloride reacts readily with 
elementary commercial silicon in the presence of 
copper powder as a cataKbt at a temperature in the 
vicinity of 300^C to produce principally dimethyl- 
dichlorosilane, with some met hyltrichlorosi lane, 
trimethylchlorosilane, methvldichlorobilane, and a 
number of other less important products. From this 
leaction mixture the pure methylchlorosilanes are 
distilled and used as intermediates for silicone oils, 
resins, and rubber, since they hydrol>ze readilv to 
form the corresponding organosiloxane polymer 
(silicone) and hydrochloric acid. Because methyl 
chloride may be made from methanol and hydro- 
chloric add, the raw materials are seen to be sili- 
con and methanol, which in turn are made from 
silica, coal, and water as ultimate raw materials. 
Siniilarlv, phenyh hlorosilanes may be made by the 
action of c^hlorobenzene on elementary silicon, with 
siher or copper as catal>bt and at temperatures of 
350 500 ^C. The distilled products are cohydrolvzed 
with meth\lchlorosilanes to make methyl phenvl 
silicone polvmers which show gi eater resistance to 
oxidation than the methvl silicones themselves. 

A great variety of organochlorosilanes are 
known, and many also are available commercially. 


Table 6. Some organochlorosilanes, R^SICl 4 , 


Name 

Formula 

belting point, 

Boiling point, '’C 

Methyltrichlorosilane 

ClljSiCU 

-77.8 

63.7 

Dimethyldichlorosilaiie 

(r,n,)4SiCJf 

-76.1 

70.0 

TrimethylchloroHilane 

(Cll4)4SiCl 

-57.7 

57.3 

Methylphenyldichlorosilane 

(ClUCtlftSiCIt 


82.3 

Kthyltriehlorosilane 

C,li,SiCU 

-105.6 

97.9 

DiethyldichloroHilane 

(C,II.),SiCl4 

- 96 ^ 

129. 

Triethylchlorosilane 

(C,H,)^SiCl 


U3.5 

Ethylphenyldichlurosilane 

(C,iI.)C,1I.SiClt 


230. 

Vinyltrichlorosilune 

CjII^SiCl, 


92. 

Divinyldichlorosilane 

(C,H,)^SiCI, 


119. 

Propyltrichlorosilane 

f?-Call7SiCU 


122.7 

Dipropyldichlonudlane 

(n-CjI i 7)tSiCU 


175. 

Butyltricblorosilane 

n-C4HiSiCU 


148.9 

Decyltrichlorosiiane 

n-CioFfsiSiCli 


183 at 81 mm llg 

Phenyltrichlorosilaiie 

C,H.SiCU 


201.5 

Diphenyidichlorosilane 

(C,H.)»SiCls 


305.2 

'friphenylchlorosilune 

(c.ii»).sia 

88. 

378. 

Benzyltrichlorosilane 

C.H.CH,Sia, 


216. 

Dibenzyldichlorosilane 

(C.lI.CHi),SiCU 

51. 

243 at 100 mm Hg 

_ Naphthyltricblorusilane 



168 at 22 mm llg 
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Tcbla7. Some orgcnoslfoxanas 


Name 

Formula 

Melting point, ®C 

Boiling point, ®C 

ilexanicthylcyclotrisiloxaiic 


64. 

131. 

Octamethylcyclotetrasiloxnne 

[(CII,)>Si()l« 

17.5 

175. 

Decamethylcycloijentnsiloxnne 


-3«. 

210. 

Dodecainethylcyclolicxasiloxunc 


-3. 

215. 

flexamethyidisilovane 

(CIIa)*Si()Si(Cll,), 


100.5 

Octamethyltrisiloxane 

(CII,).SI,0, 

-80. 

153. 

Docainethyltetrasiloxniie 

(ClI,),oSUO, 

-70. 

191. 

llexaethylcyc lotrisiloxane 


It. 

117. at 10 luin Hg 

( )c tfieth y Ic y cl« itetrasiloxnne 

[«lJI.)aSiOl4 

-50. 

159. at 10 inm llg 

1 iexupheij y k* y i*lc >tri.sil( > \ a i le 

[ (C«l Ij) jSioji 

190. 

295. at 1 mm 1 Ig 

Octaphenylcyclototrasiloxane 

[(c:,ii5)aSiO]4 

201. 

335. at 1 nun llg 


Table 6 lists a number of the more important one«». 
By appropriate procedures of synthesis, functional 
groups ma> be attached t(» the organic portions of 
these organochlorosilanes, and a growing technol- 
ogy of so-called organofunctional silicones is de- 
\eloping. It appears that organosilicon groups may 
be introduced into a large \arietv of organic poly- 
mers, dyes, drugs, and otlier products, with results 
yet to be determined. 

The reaction of organochlorosilanes and related 
substances y^ith alcohols produces the correspond- 
ing esters or ethers of the tvpe R,Si(OR'),;. These 
hvdrolvze also to organnsiloxanes. but in a con- 
trollable way that makes them desirable for some 
applicatbms. A similar reaction of organo< hloro- 
silanes (and notablv the methyh hlorosiUmes) with 
liydi<i\yl groups of other oiganic stiuctuies takes 
place readily and attaches organosilicon entities 
to the structures. Thus the yapoi-phase leaction of 
methvlchlorosilane nith cellulose results in chemi- 
cal attachment of a highly water-repellent film to 
the lelliilose fibei, and the coaling i an not be te- 
nioved bv organic solvents or by washing with 
affueous detei gents. 

Orgnnosiloxanes. The organohalosilaiies hydro- 
lyze readily to form organfisiloxaiies. all of which 
are polymeric. These cyi lie and linear polymeis 
are known as silicones because they wTie fust re- 
garded by F. S. Kipping to be analogs of the or- 
ganic ketones, but they are decidedly polymeric in 
composition. The individuality of sili( on gives them 
pioperfies which aie yeiy different from those of 
the ketones. 

Table 7 lists a number of pure organosiloxanes 
and some of their physical properties. In general, 
llie .siloxanes arc chemically inactive, being un- 
changed by dilute or even moderately concentrated 
acids and by most ionic reagents. The siloxane 
chain is attacked by strong alkalies, however, with 
the foimation of alkali metal salts of the corre- 
sponding organosilicates. Hydrofluoric acid also 
will attack the siloxane chain to produce mono- 
meric organofluoTosilanes and water. 

Organic grouns of the organosiloxanes show a 
w'ide yariation of chemical inertness or reactivity. 
The mcthvl groups in a methyl polybiloxane re- 
main attnclied at temperatures up to 500®C, where 
the siloxane chain depolymerizes into volatile, 


cyclic structures, and phenyl groups are equally 
firmly attached to silicon. In the piesence of oxy- 
gen, however, melhvl groups begin to be oxidized 
to foimaldehyde at 300®C or higher, whereas 
phenyl groups arc capable of withstanding tem- 
peratures of 400 450°C. Higher alkyl groups oxi- 
dize at a rate which increases writli the diain length, 
so that the higher alkyl silici»nes haye little applica- 
bility at elevated tempcialures. In general, negative 
groups such as halogen. OH. COOH. and NHj as 
substituents in the organic part of the molecule 
decrease the stability of the cat bon-sil icon bond 
through theii inductive effect upon its polai f^iop- 
erties. 

Among the interesting pliysieal piopeities of the 
methvi and methyl phenyl poly siloxanes is an un 
iisiiallv smair dependence c»f yiscosjiv, dielectiii 
eonsiant, and comprc*ssibilit\ upon temj)eraliire 
The veiy low tempeiatuie coc'ffu ient of viscosity 
of methyl silicone oils, theiefoie. makes them use 
fill as hydraulic fluids, lubricants, and dic^lc'clric 
fluids, so that ibev come into scivice both at very 
low and very high temperature's in comparison with 
their organir counterparts. See Carbon; (ypRMV- 
nium; SiuroNK rfsins. 
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Silicon-controlled rectifier 

Most widely used of a family of four-layer semi- 
conductor powc'r devices that exhibit regenerative 
or latching-type switching action. The silicon-ccjn- 
trolled rectifier is also known widely as the SCR. 
International standards describe the complete 
family of semiconductor regenerative switches 
under the name Thyristors. 

The SCR was described initially by physicists 
at Bell Telephone Laboratories, and the iirdt com- 
mercial SCRs were introduced by General Electric 






Company in 19S7. 'Wiiereas a transistor is fabri- 
cated from three alternate layers of p- and n-type 
semiconductor material, the SCR incorporates an 
additional layer of material, as shown in the cross- 
sectional view in the figure. This construction pro- 
vides the SCR with its unique electrical charac- 
teristics. With positive voltage on its cathode 
with respect to its anode, the SCR blocks the 
flow of reverse current in a manner similar to that 
of a conventional silicon rectifier. When the voltage 
is reversed, the SCR blocks forward current flow 
until a low-power trigger signal is applied between 
the gate terminal and the cathode, whereupon the 
SCR switches into a highly conductive mode, with 
a drop of approximately 1 volt between anode 
and cathode. Once in conduction, the SCR con- 
tinues to conduct even after the gate signal is 
removed, provided anode (load) current remains 
above the holding-current level, typically 10 milli- 
ampercs (mal. If anode current momentarily drops 
ludow the holding-current level or if the anode 
voltage is momentarily reversed, the SCR reverts 
to its blocking state and the gale terminal regains 
r(»nlrol. Typical SCRs require about 2 microse<*- 
onds (//sec) to swit/'b from the blo/‘king state in- 
|/i condu(‘tion and about 20 /isec of m<»mentary 
jvvtMse voltage on the anode to regain their for- 
ward blocking ability. Anode voltage significantly 
above the rating of an SCR in its forward diree- 
lion ean trigger it into eonduetioii even in the 
absence of a gate signal. Excess anode voltage in 
the reverse direction cun |)ermanently damage 
typical SCRs. However, well-designed and -fabri- 
'•al(!d SCRs, jtroperly applied, have no inlierent 
wear-out mechanism and can be ex|)ected to per- 
form their tasks faultlessly for the life of the equip- 
ment in which they are us<*d. 

boad-eurrent ratings of SCR’s range fiom a few 
iniiliamperes to hundreds of amperes. Hloeking- 
vnliage capability extends well above 1000 volts 


S\\\coi\«con\To\\%A f MAq 

/or the higher-power types. Although the charac- 
teristics of SCRs have a certain degree of tempera- 
ture dependence, specific types are available for 
operation between temperature extremes as wide 
6'*^° C to -f-lSO® C. The lowest-current types 
are lead-mounted like signal transistors. Above 
about 2-amp rating, SCRs are generally mounted 
to radiating fins or to a Inis bar or chassis to secure 
adequate cooling of the semiconductor junctions. 

Having only two stable states, on and off, the 
SCR makes a nearly ideal power switch, since it 
ean switch power almost as efficiently as an elee- 
trorneehanieal switch but much faster and with no 
wear. SCRs found their most rapid initial accept- 
ance in applications formerly served by the thyra- 
tron gas tube and the mercury-arc rec^tifier. These 
las! two exhibit similar switching characteristics 
but have higher losses and require more elaborate 
firing and excitation circuits, as well as more 
spa<!c, and have limited life. SCRs also have taken 
over the function of many power magnetic* ampli- 
fiers and saturable reactors. In these types of appli- 
cations, the SCR generally operates from an ac 
supply, and the cyclical reversal of the line voltage 
is relu*d on to turn off (commutate) the SCR once 
it has been triggered. By precisely controlling the 
instant at which the SCII is triggered into con- 
cluc'ticm during a iiositive half cycle of ac anode 
voltage, the average voltage^ delivered to a load in 
seric!s with the SCR can be varied from full-on 
down to full-off in a stepless and nearly lossless 
manner. 1'his type of control is known as phase 
control, since it is the phase relationship between 
gate trigger signal and anode voltage that deter- 
mines the instant of triggering and hence the level 
of powt?r applied to the load. SCR trigger require- 
ments are typically 1-3 volts at 10-100 ma. Sim- 
ple trigger circuits are designed around such ele- 
ments as magnetic* amplifiers, unijunction tran- 
sistors. trigger diodes, or neon bulbs. Various cir- 



Typical 25-amp silicon controlled rectifier, (o) Cross External view showing %-in.-diameter stud for mounting 
*«ction through silicon wafer showing four alternate SCR to cooling fin. (c) Circuit symbol in popular usage. 
I‘'yers of p- and n-type semiconductor material, (b) 
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cult configurations of SCRs in ac circuits permit 
half-wave, full-wave, multiphase, or reversing 
operation. Ac-operated applications of the silicon- 
controlled rectifier include motor drives, tempera- 
ture controllers for electrical heating loads, incan- 
descent- and fluorescent-lamp brightness controls, 
voltage regulators, power supplies, contactor re- 
placement, and static exciters. 

When operated from a dc supply, the SCR re- 
quires special circuit means for turning off, or 
commutating, load current once it is initiated. The 
commutating means may be as simple as a set of 
reset contacts in series with the SCR in alarm, trip- 
ping. and similar applications. In others a suitably 
charged capacitor is switched across a load-(‘arrying 
SCR to reverse-bias it momentarily and thereby to 
turn it off. Such SCR circuits are used to convert 
dc to ac power (inverters), to regulate dc voltage 
in an eflRcienl manner by switching the load <in and 
off at a fast repetition rate (choppeis), to change 
the frequency of an ac voltage, and to develop short 
high-power pulses for radar and radio beac^on 
equipments (pulse modulators). 

Since the development of the SCR, sc\eral either 
semiconductor power switches that operate on simi- 
lar regenerative principles have joined the Thy- 
ristor family. The light-activated SCR can be 
triggered into conduction by sufficient radiant 
energy falling on its junctions, as well as by nor- 
mal electrical gate signals. The gate turn-off switch 
(or gate-controlled switch) can be triggered off as 
well as on by a short electrical pulse of proper 
polarity on its gale control terminal. The Shockley 
diode is a two-lead switch that uses anode voltage 
breakover rather than a gale signal to trigger it 
into conduction. The bidirectional triode switch 
(Triac) can he triggered inlo conduction in either 
direction by a low-power gate signal, thus pro- 
viding the function of an inverse- parallel-connected 
]>aii of SCRs with a single semiconductor. This 
bidirectional action is also possible in a two-lead 
version that requires a high-voltage pulse ac-ross 
its power tcTminals rather than a gate trigger 
signal to switch it into conduction. Set* Com holt i^n 
HKL'iinKR; Rixtifier; ShMiroNmic'ioR; Slmkoiv- 
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Bih/iography: B. D. Bedford and B. (i. Hoft, 
Principles of Inverter Circuits, 1964; General 
Electric Companv, SCR Manual, 3d ed., 1964; 
F. E. (ientrv, F. W. Gutzwiller, N. Holonyak, and 
E. E. Von Zastrow, Semiconductor Controlled Rec~ 
tifiers: Principles and Applications of p-n-p-n 
Devices, 1%4. 

Silicon diode 

A small silicon reitifier of either the point-contact, 
bonded-contact, or junction type. It is distinguished 
from 8 silicon rectifier by size only, the latter term 
being used for units of relatively large power-han- 
dling capacity. Point-contact types have found ap- 
plication in microwave detectors and mixers. The 
bonded and microj unction types have shown a mar- 


ginal life and stability. Silicon diodes contrasted 
with germanium diodes are capable of operating at 
higher temperatures and therefore at higher power 
levels. Operation at 200'’C and voltages up to 1000 
volts are possible. See Junction diode; Point- 
contact DIODE. hunter] 

Silicone resins 

Polymers composed of alternating atoms of silicon 
and oxygen with organic substituents attached to 
the silicon atoms. 


S, 0 

L CH* J. 

Silicones. aKo called organopolysiloxanes. mav be 
liquids, greases, resins, or rubbers. The distinguish- 
ing characteristics of silicone polymers are their 
resistance to water and oxidation, and their sta- 
bility at high temperatures. 

Preparation. Silicones are obtained by the con- 
densation of hydroxy organosilicoii compounds 
formed by the hydrolysis of organosilicon halides. 
The required halide can be prepared b\ a dired 
reaction bclwcen silicon and an alk\l halide, or fh# 
reaction between a silicon halide and a Grignard 
reagent. 


CH 3 CI + Si 


Qd.ruO 

> 

300®C 


CHtSiCla, (CH3)2SiCl2 

(CH 3 ) 3 SiCl, (CH 3 )iSi 


SiCU + CHaMgBr-^J 


After separation of the reaction products by dis- 
tillation, organosilicon halides can he polymerized 
by carefiiily controlled hydrolysis. 


CII 3 

a-li— Cl —> 

I 

CIIj 

Dimethyl 

silicon 

dichloride 


Clla 
HO— Si-- OH 

I 

CHa 
Intermediate 


-|-2Ha 


bHO- 


CII 3 

-li— OH 


r OT, 1 

— Si— 0 - 


CH, 




L CHa 
Dimethyl 
silicone 
polymer 


+ (a - 1)1120 


The difunctional products, such as the dimethyl 
silicon dichloride, are clearly the most important, 
because they <‘an yield polymers of very high mo- 
lecular weight. By means of the process knoiyn as 
equilibration, a mixture of the mono- and trimethy 
silicon halides can be converted to Ac ditnethy 
derivative. 
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CHiSiOj + (CH*),Sia (CH3)*SiClj 

Bv thi<) process the dimethyl compound can be ob- 
tained in high yield from the products of the initial 
rea<*tion. 

The molecular weight and structure may be 
varied by Including in the original polymerization 
mixture small amounts of monofunctional 
SiCI or the trifunctional (CH{)SiCIt along with 
the difunctional (CHOs^iClj. The monofunctional 
fornpound is a chain-stopper and the proportion 
ii'.ed directly determines the upper limit of the 
mitlecular weight. The trifimctional product gives 
( ross-linking and the proportion used directly de- 
lermines the amount c»f cross-linking that can he 
obtained in the svsiem. 

Uses. Variations of the organo portion of the 
icsins can he made. The dimethyl silicones arc the 
nic»st commonl> used. Copolymers of the dimeth>1 
find diphcnvl derivatives are also employed. Tn re- 
<cnl >ears other variations have r€*cei\ed attention. 
\in\l silicon trichloride is employed as a treating 
atrent for glass fiber in order to cause unsatiirated 
polv esters and epoxv resins to adhere more firmly. 
\mino derivatives have gieat aflinit\ for certain 
met ills. 

The lirpiids. generally dimethyl silicones of rela- 
ti^elv low molecular weight, have low surface ten- 
sion, great welting power for metals, and yery 
small change in viscosiiv with teinperatiire. They 
.ire used as hvdnilvtic fluids, antifoaming agents, 
and ti outing agents for leather and textiles, and in 
M»snicli< preparations. 

The greases are partieulaily desired for applica- 
Imns terpiiring effective lubrication at yery high 
and at veiv low leinpeiatiires. 

Silii'one resins are frequently selected for eoat- 
ing applieations in which thermal stability in the 
range d0()-500”C is reijuired. The dielectric prop- 
erties of the polymers make them suitable for many 
electrical applications, particularly in electrical in- 
'-iilation exposed to high temiieratures. 

Silicone rubbers are compositions containing 
liigh-moleeular- weight dimethv 1 silicone linear 
polymer, finely diyided silicon dioxide as the filler, 
and a peroxidic curing agent. It has been suggpeted 
that cross-linking lakes place through reaction of 
the peroxide with two methyl groups on adiacent 
thdins, either to form a dimethylene bridge or to 
replace the two methyl groups by a single oxygen 
bridge. The silicone rubbers haye the remarkable 
ability to remain flexible at very low temperatures 
and to remain stable at high temperatures. See 
Pl-ASrifS fabrication; PoIYMER PROPfcRTtKS; 
Hubukr; Stucon. 

fj. A. MANSON; L. M. HOBBS ] 

Silk 

The lustrous fiber produced by the larvae of silk- 
worms; also the thread or cloth made from such 
fiirer. The United States is the greatest importer 
and consumer of silk. Silk will probably always 
prized by the consumer even though certain 
tnan-made fabrics now have some qualities that 


were formerly possessed only by silk. The silk in- 
dustry grosses about $500,000,000 a year. 

Japan, the first country to use scientific methods 
in cultivating the silkworm, has always ranked 
highest in the production of fine silk, although sat- 
isfactory types are made in other silk-producing 
countries. The domestication and cultivation of the 
silkworm, which began in Japan about 3000 B.r., 
requires extreme care and ehise supervision, and 
the reeling of the filament from the cocoons can 
he done successfully only by skilled operators 
whose training is the result of many generations 
of experience. 

Life cycle of the silkworm. Since the discovery 
many years ago that the filament composing the 
cocoon of the silkworm can be unwound and con- 
structed into a heautifiil and durable fabric, silk- 
worms have lieen bred for the sole purpose of pro- 
ducing raw silk. The production of cocoons for 
their filament is called sericulture. The cocoon of 
the silkworm is the second stage of development 
of the life cycle of Bombyx morf, a species which 
spins a thread of high qiialitv. Tn seiiciilture, all 
four stages of the life c>rle of this moth are im- 
portant, because some of the better cocoons must 
be set aside to permit full development, thus sup. 
plving eggs for another hatching. B\ scientific 
breeding, silkworms may be hatched three limes 
a vear; under natural conditions, breeding occurs 
only once a \par. The life c\cle includes (1) the 
egg, which develops into the larva or caterpillar, 
the silkworm; (2) the silkworm, which spins its 
c'ocoon for protection, and to permit development 
into the pupa or chrysalis; (3) the chrysalis, which 
emerges from the cocoon as the moth; and (4) the 
moth, of which the female lavs eggs, thus roii- 
c inning the life cycle. 

'Within three days .ifter emerging from the co- 
coons, the moths mate and the female lavs 350-400 
eggs. The adults seddom fl>, do not eat, and live only 
a few days. Each healthy egg hatches into a grub, 
or larva, about in. long. The larva reciiiires care- 
ful nurtuiing for approximately 20-32 days. Dur- 



Life cycia of the silkworm. (Prom H. H. Manchester, 
The Story of the Silkworm, rev. ed., Cheney Brothers, 
1924) 
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ing this period, the tiny worm has a voracious 
appetite, requiring 5 daily feedings of chopped 
mulberry leaves. After four changes of skin, or 
meltings, the worm reaches full growth in the form 
of a smooth, grayish-white caterpillar about 3% 
in. long. After about 6 weeks, its interest in food 
ceases. It shrinks somewhat in size and acquires a 
pinkish hue. becoming nearly transparent. A con- 
stant restless rearing movement of the head indi- 
cates that the worm is ready to spin its cocoon. 
Clusters of twigs or straw are provided for this 
purpose. 

The silk worm begins to secrete a proteinlike 
substance through its spinneret, a small opening 
under its jaws. With a bending motion a filament 
is spun around the worm in the form of the figure 
eight The silkwoim is hidden from view within 24 
hours: in days, the cocoon is completed. It is 
about the si/e and shape of a peanut shell. The 
filament is in the foim of a double strand or 
fibroin, which is held together by a gumm\ sub- 
stance called seri( in, or silk gum Chemically, the 
silk fibroin and sericin are composed of approxi- 
mately 95 protein and 5'r wax, fats, salts, and 
ash. The liquid substance hardens immediatc]\ on 
exposure to the air. If left iindistiitbed. the thrvs- 
alls inside the cotoon develops into a moth within 
2 weeks. To emerge, the moth must break through 
the top of the cocoon bv excreting an alkaline 
liquid that dissolves the filament. As this cutting 
through damages the cocoon so that the filament 
cannot be unwound in one long thread, the grow- 
ers terminate the life (vcle at this point by a proc- 
ess known as stoving or stifling. The cocoons are 
heated to suffocate the chrysalis, but the delicate 
silk filament is not harmed. .See LEPinopriRA. 

Filature operations. The cocoons are delivered 
to a factory, i ailed a filature, where the silk is 
unwound from the cocoons and the strands aie col- 
lected into skeins. Some of the cocoons are pro- 
duced scientifically in such factories. They are 
sorted according to color, si/e, shape, and texture, 
as all these affec t the final quality of the silk. 

After the cocoons have been sorted, they are put 
through a series of hot and cold immersions, be- 
cause the sericin must be softened to permit the 
unwinding of the filament in one continuous thread 
Raw silk consists of about 80% fibroin and 20% 
sericin. In this step, only about 1% of the sericin 
IS removed because this silk gum is a needed pro- 
tection dining the further handling of the delicate 
filament. 

The process of unwinding the filament from the 
cocoon is called reeling. The care and skill used in 
the reveling operation prevent defects in the raw 
silk. As the filament of a *‘ingle cocoon is too fine 
for commercial use, 3 10 strands are usually 
reeled at a time to produce the desired diameter 
of raw silk thread. The cocoons float in water, 
bobbing up and down as the filaments are drawn 
upward through porcelain evelets and rapidly 
wound on wheels or drums while the operator 
watches to detect flaws. As the reeling of the fila- 


ment from each cocoon nears completion, the op- 
erator attaches a new filament to the moving thread. 
Skilled operators have an uncanny ability to blend 
the filaments, always retaining the same diameter 
of the rapidly moving silk strand. The sericin 
acts as an adhesive, aiding in holding the several 
filaments together while they are combined to form 
the single thread. 

The usable length of the reeled filament is from 
1000 2000 ft. The remaining part of the filament 
is valuable raw material for the manufacture of 
spun silk. 

The term reeled silk is applied to the raw silk 
strand that is formed by combining several fila- 
ments from separate cocoons. It is reeled into 
skeins, which are packed in small bundles called 
books, weighing 5 10 lb. These aie put into bales, 
ranging in weight from 1.S5 145 lb. In this form, 
the raw silk is shipped to all parts of the world 

From the filature, the books of reeled silk go to 
the throwster where it is transformed into silk yarn, 
also called silk thread, by a process known as 
throwing. Persons engaged in this work are called 
throwsters. Silk throwing is analogous to the spm 
ning pioeess that changes cotton, linen, oi wool 
fibers into yarn Unlike those fibers, however, the 
manufacture oi silk yarn does not include (aiding 
combing, and drawing out, the usual p!oei‘sses for 
producing a eontiniious yarn. The raw silk skeins 
are sorted according to si/e color, and length nr 
quantity, then so^ed in waim watei with soap oi 
oil This softening of the sericin aids m handling 
the thread. After being mec lianicHlIv diied the 
skeins are placed on light reels, from which the 
silk is wound on bobbins. 

During this winding operation, single strands 
may be given any desired amount of twist If two 
or more yarns are to be doubled, thf‘y are twisted 
again in the same or in a reverse diiection, dc 
pending on the kind of thread to be made. To 
equalize the diameter, the thread is lun through 
rollers. It is then inspected and packaged rcad\ 
for shipment to manufac tuiers b»r construction 
into fabric. 

Wild silk. Wild or tussah silk may he distin 
giiished from cultivated silk bv its coarse thick 
form, which appears flattened. Cultivated silk is a 
narrow fiber with no markings. Wild silk is a 
broader fiber with fine, wavy longitudinal lines 
running along its surface, giving it a dark hue 
under a microscope. .See Fiber, naiitral. ("m.d.c.1 

Sillimanite 

\ nesosilicate mineral, composition AljSiOr.. 
talli/ing in the orthorhombic system. It c'ommonb 
occ urs in slender crystals or parallel groups and i** 
frequently fibrous, hence the synonym, fibrolite 
There is one direction of perfect cleavage: the 
luster is vitreous and the color brown, pale green, 
or white. The hardness is 6-7 on Mohs scale and 
the specific gravity is ,3.23. See Silicate mineral*^* 

Sillimanite, kvanite, and andalusite are all 
morphic forms of AlaSiOis. They are metaroorphi 
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minerals, found in highly aluminous gneisses and 
srhists. Each mineral is stable under different con- 
ditions but the transitions from one to another are 
so sluggish that they may coexist in the same rock. 
Siilimanite is less common than the others and is 
found in the highest-grade metamorphic rooks as- 
sociated with quartz, corundum, garnet, and musco- 
vite. It is rarely found as a contact metamorphic 
mineral. See Andalusitk; Kyanitk. [(..s.hu.J 

Silurian 

A geologic period of time during which a system 
of rocks, the Silurian system, was deposited. The 
strata are identified in terms of the principal forms 
of life extant at that time as determined by means 
of the fossils. 



This system was named by R. I. Murchison for 
^■\ 110*^11 res in Wales, the name being dciiyed from 
-ill dficient Celtic tribe (Silures) vuho occupied this 
legion during the Roman conquest. Murchi^-on dc- 
Miibed the stratigraphic character and fossil con- 
leni oi these rocks in his monograph. The Silurian 
System, in IS.'W. In this and later publications the 
^ilufian system was defined to include some older 
"tiata which were later removed to the Ordoyiciaii 
''Vstem b\ C. Lapworfh in 1879. Sep Okdovician. 



^'9* 1. Generalized distribution of Silurian outcrops 
Eastern Hemisphere. 



Fig. 2. Generalized distribution of Silurian outcrops 
in Western Hemisphere. 


Silurian sories. Silurian rocks are present in 
manv paits of the world (Figs. 1 and 2), but three 
of the be^'t known sections are in Great Britain, 
eastern United States, and central Bohemia. In the 
type region of the British Isles the Silurian is di- 
vided into four series, in ascending order: Llando- 
\erian. Wenlockian, Ludlovian. and Downtonian. 
The Silurian rocks of the eastern United States are 
divided into three series, the I.ower or Medinan 
(sometimes Alexandrian), Middle Silurian or Ni- 
agaran series, and the Upper Silurian or Cayugan 
series. In Bohemia the series components are desig- 
nated e-i, e-2. and f-l rather than b> geographic 
names, a method that dates back to the classic 
work of Joachim Barrande (Systemc Silurien du 
rentre de la Boheme, 1865 1%7 1 . 

In addition to the areas mentioned above, the 
island of Gotland in the Baltic Sea has a well-^ 
known Silurian section and several of the fos.sils 
from this island were described by the famous 
Swedish naturalist, Karl von Linne (Linnaeus). 
Other regions that have been studied in some de- 
tail include Poland; southern Norway; the Urals, 
U.S.S.R ; (^hina ; and Australia. 
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Silurian facies. Silurian deposits are repre- Michigan, and in placeb are mined on a laige 

sented by both terrestrial and maiine strata, but the scale. Lower and Middle Silurian strata bear ex- 

latter are predominant. The marine strata are com- tensive iron deposits, mostly in the form of hema- 

posed largely of carbonate facies, either limestone tite. Rich iron deposits of this type are minced in 

oi dolomite, but there are sandstones and shales, the area around Birmingham, Ala. Some oil and 

including dark graptolite shales. The marine gas are obtained from beds of Silurian age in Ohio, 

strata commonly contain a large invertebrate fossil western New York, and other areas. .See EvACoant 
fauna. This is especially true of the limestones and (saline). 

dolomites. Terrestrial Silurian deposits are much Climate. The climate during the Middle Si- 
less common. Stiata of this type are present in lurian must have been mild. The inveitebrate faunas 

southeastern New Yoik and eastern Pennsylvania, have a cosmopolitan aspect .Similar and even iden- 

mostl> as conglomeratic sandstones bearing a tical species have a wide geographic distribution 

sparse eui>pterid fauna. Westward these strata from equatorial regions into latitudes noith of the 

grade into a typical marine facies as shown in Arctic Circle Moreover, extensive Niagaran car- 

Fig. 3 IVrrestrial Silurian strata have been re- bonate deposits (containing numerous oiganu 

ported on the southern tip of Africa, although the reefs are known from strata at least as far north 

age ot these rocks imn question. Sec Eitryp I FRIDA; as ,SO®N lat In the latter part of the Siluiian 

GRAProLiiHiNA. peiiod more severe conditions appeal to have pre- 

In late Silurian times the seaways of eastern vailed The extensive salt deposits of the Uppei 

North Ameri( a began to drv up. leading to the for- Silurian indicate increasing aiidity and probablv 

mation of salt beds. Thiik beds of Cayugan salt dec reasing temperature, most likely assoi lated with 

underlie parts of New York. Pennsylvania, and the Caledonian Mountain building which affc^cted 



Fig. 3. Lithofacies map of Lower Silurian (Median) facies map was constructed. (After 7. W. Amsden, Bull 

senes in the eastern United States Pure shale facies Am. Assoc. Petrol. Geologists, 39(lh60^74, 7955) 

are not present. Triangular diagrams show how litho- . 
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parts of arctic North America, Scandinavia, France, 
Irermany, northern Africa, and Siberia. 

Silurian life. Silurian rocks contain a prolific 
invertebrate fossil assemblage. Among the best rep- 
lesented groups were the brachiopods belonging 
to the class Artirulata (Pygocaulia). Pentameroid 
brachiopods such as Conch tdium and Pentamerus 
and the dalmanelloids such as Rhipidomelloides 
ihcre especially abundant. Another common 
group, the spire-bearing brachiopods, became 
numerous for the first time. The (*ora] faunas also 
weie prolific and included both solitary and colo- 
nial tetracoials. The tabulate corals were even 
moie numerous. Such genera as Favositcs and 
Halysites are among the more common ol Silurian 
fossils. Locally the corals were associated with 
the str(»matoporoids, Bryozoa, and other sedentary 
rccf-lmilding oiganisms. The straight-shelled nau- 
tiluid cephalopods were abundant, but other mol- 
lusk groups were well developed only in local 
aiPds 

rrinoids (ei hinoderrns) be<'ame common for 
the hrsi lime. Gimplete articulated crowns are 
M*tdom found but the stems and isolated plates aie 
abundant The latter are so concentrated in some 
bed- that they bee ame the dominant rock < onstitu 
«nt (eiicrinite) Trilobites and graptolites are pres- 
ent although fewer spec ies are found than in Ordo- 
vKian rocks The eiirvptends are an extinct group 
of Ararhnoidea that flourished during the Silurian 
and Pevonian periods; a few of the Siluiian species 
at I allied a length of almost 9 ft, making them the 
largest of all known Arthropoda Scorpions with a 
body form similar to living species have been 
found in Middle Silurian strata. If these were air- 
breathers they represent the oldest known terres- 
tiial animals, however, the evidence concerning 
then mode of respiration is inconclusive. 

Primitive fish are the only known Silurian verte- 
brates One group, the Agnatha (ostracoderms), 
had no jaws and were early lelatives of the modern 
(vdostome fish. A second group, the Placodermi, 
had a primitive jaw apparatus and made their ap- 
pearance late in the Silurian, although they did 
not become common until the Devonian period. 
Most of these early fish had the head and foont 
part of the body protected by an armor of bony 
plate .. See Ostracoderm; Pi acodermi. 

Calcareous algal structurea are present in many 
Silurian beds. These primitive aquatic plants are 
present in ancient Precambrian strata, and are 
lot ally common in many Paleozoic rocks. Of greater 
significance is the presence of vascular plants be- 
longing to the Pteridophyta (Tracheophyta). 
These plants, which are representatives of the 
P^ilopsida and Lycopsida, undoubtedly lived on 
land and are the oldest known terrestrial plants. 

rT.W.A.l 

bibliography \ C. O. Dunbar, Historical Geology^ 
2d ed., I960; R. C. Moore, Introduction to Historic 
^ol Geology^ 2d ed., 1958; E. Neaverson, Strati- 
R^phical Palaeontology^ 2d ed., 1955; C. Schu- 
t^hert, Stratigraphy of the Eastern and Central 


United States, Historical Geology of North Amer- 
ica, vol. 2, 1943; H. Teimier and G. Termier, 
Histoire geologique de la biosphere, 1952. 

Silver 

A chemical element, Ag, atomic number 47, and 
atomic weight 107.88. A gray- white, lustrous metal, 
silver is chemically one of the heavy metals and one 
of the noble metals; commercially it is a precious 
metal. Copper, silver, and gold make up group Ib 
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of the periodic* table of elements Silvei has been 
known as d metal since very am ient times ; it was 
mentioned in the books of the Egyptian king Menes, 
about ^600 B.C., who set its value at two-fifths that 
of gold Nineteen isotopes of silver have been re- 
ported, with atomic masses ranging from 102 to 
115. Ordinal y silver is made up of the two isotopes 
of masses 107 and 109. 

Uses of the metal. In most of its uses, silver is 
alloved with one or more other metals (see Silver 
A iLOYs). The chief use of silver is in coins. Wide- 
spread use of copper, silver, and gold for this pur- 
pose has caused them to be known as the coinage 
metals. Silver also has well-known uses in jewelry 
and silverware. It is used in some fuses and medi- 
cal instruments, in silver solder, and in corrosion- 
resistant storage batteries. Alloys in which silver 
is a minor ingredient include dental amalgam and 
metals foi engine pistons and bearings Silver has 
some germicidal properties, and it has been used 
in a process for sterilization of water. 

Occurrence. Silver is a rather rare element, 
ranking sixty-third in order of abundance. It con- 
stitutes about I X 10 **% of the earth’s crust. Some- 
times it occurs in nature as the free element (native , 
silver) or alloyed with other metals. Norway has 
the world’s most important deposit of native silver; 
one piece weighing over 1500 lb has been found 
there. 

For the most part, however, silver is found in 
ores containing silver compounds. The principal 
silver ores are argentite, AgsS, cerargyrite or horn 
silver, AgCl, and several minerals in which silver 
sulfide is combined with sulfides of other metals: 
stephanite, 5Ag2S*Sb2So; polybasite, OfCusS, 
Ag2S ) • ( SbzSs, A82S3 ) ; proustite, 3Ag2S- As2Ss ; 
and pyrargyrite, 3Ag2S*Sb2S3. About three-fourths 
of the silver produced is a by-product of the ex- 
traction of other metalsf In addition to this new 
metal, substantial quantities of silver have been re- 
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covered from foreign coins, which were replaced 
with others containing Ie‘*s or no silver. The re- 
covery of silver from industrial scrap, including 
photographic residues, is also important. For de- 
scriptions of the commercial extraction processes, 
see SiLVKR MF.TALLYJRGY. 

Silver metal. Pure silver is a white, moderately 
soft metal, somewhat harder than gold. When pol- 
ished, it has a brilliant luster and reflects of 

the light tailing on it. Silver is the best conductor 
of heat and electricity among the rnetaK and it is 
second to gold in malleability and ductility. Its 
density is 10.5 times that of water, so that 1 ft* of 
silver weighs 655 lb. Silver melts at %1®C and 
boils at about 2200® C. G<dd and silver may be 
mixed to form true solutions (allo>s) in any pro- 
portions. The ffiialitv of silver, its fineness, is ex- 
pressed as part*' of pure silver per 1000 parts of 
total metal. Gmimen-ial siUer is iisiiall\ 99^ fine. 

Chemical properties. Although silver is the 
most active chemically of the noble metals, it is not 
very active in comparison w'ith most other elements. 
It does not oxidize at all readilv (as iri>n does when 
it rusts), but it reacts with sulfur or hvdrogen sul- 
fide to form the familiar silver tarnish. Electro- 
plating silver with rhodium will prevent this dis- 
coloration. The tarnish ma\ be removed from siKer 
articles b\ abrasion with a silver cream or polish, 
whic’h also removes the verv thin surface layer of 
silver that has combined with sulfui. Tarnish ma\ 
})e removed chemi<*allv bv healing the article in a 
dilute solution of sodium chloride (table salt) 
and sodium hvdrogen carbonate (baking soda) or 
placing the tarnished article in contact with a 
more active metal such as aluminum, which reacts 
with the sulfur and re'.t<»res the silver to the metal- 
lic slate. Silver itself does not react with dilute 
nonoxidizing acids (hydrochloric or .sulfurii- acids) 
or strong bases (sodium hvdroxide). However, oxi- 
dizing acids (nitric or concentrated sulfuric acids) 
dissolve it bv reaction to form the unipositive silver 
ion, Ag^. This ion, which is present in solutions of 
all simple, soluble compounds of silver, is rather 
easih rediu'ed to the free metal, as in the deposi- 
tion of silver mirrors by organic reducing agents. 
Electroplating of silver involves reduction of com- 
plex silver ions. The Ag^ ion i.s colorless, but a 
number of silver c«impounds are colored because 
of the influence of their other constituents. Oxygen 
dissolves in silver to a surprising extent, about 20 
parts of oxygen to 1 of .silver by volume at the 
melting point of silver. Even after cooling, the .sil- 
ver retains 0.75 part of oxygen by volume. 

Silver compounds. Silver ia almost always 
monovalent in its compounds, but an oxide, fluoride, 
and .sulfide of divalent silver are known. Some co- 
ordination compounds of silver, also called silver 
complexes, contain divalent and trivalent .silver. 
Some of the more important compound.** are listed 
in the table. 

Although silver doe.s not oxidize when heated, it 
can be oxidized chemically or electrolytieallv to 
form silver oxide or peroxide, a .strong oxidizing 


Compounds of silver 


Name and formula 

Uses 

PropiTties, remarks 

Silver nitrate 

Medicinal; prep- 

Colorless, very so]. 

(lunar caus- 

oration of silver 

uble compound ; 

Uc), \gNO| 

CX>Ul|MIUIldb, sil- 

stains skin; fjoi- 


ver mirrors. 

HOiiouR internally; 


inks 

easily reduced to 
iiietallic silver 

Diammine silver 


Soluble coordiiiQ. 

hydroxide. 


tioii compound. 



formed by adding 
aniinoriiuin hy- 
dnixide to silver 
salt sfdutioiis; on 
stuiiding, forms 
highly expUnsivo 
'Tuliuinating sil- 
ver” 

Silver cyanide. 

ElecIroplatiiiK 

Used with excess 

Ak(’N 


sodium or imtan- 
siuiii ryanific in 
elect roplaling to 
form complex ions 
[\g(r.N)2j and 

which arc reel need 
to riietiillif silvei 

Silvei chloride. 

Photography; 

White, iriMoliible 

AkCI 

ioni/ntiou de- 

eoni|KiiiTid, fiis- 


tect oi foi C‘OS- 

solveb in iiiiimo 


mic rayH 

iiiiiiii hvdroxide to 
give [Agf\ll,)2l^ ♦ 
complex ion** 

Silver bromide, 

PhoLogiaphy 

Light yelhm, in- 

AgBr 


soluble corniioiiiifl, 
iiHin» rcbihtaiit to 
dissolving than is 

Silver itMlido, 

(Moud seedinfi. 

Yellow, insoluble 

ArI 

photography 

eompoiitid, mote 
n^sislant to dis- 
solving than is 
AgBr, unit eiys 
tats aliiiosl iflenli- 
eal with those of 
ice in cloud seisl 
ing 

Silver Hiilfide, 


I^ensl **o|iiblc of all 

Aff^S 


silver sails; black, 
main component 
of silver tarnish 


agent. Because of this activity, silvei finds con- 
siderable use as an oxidation cataly.st in the pro- 
duction of certain organic materials. A silver oxide 
or peroxide anode in conjunction with a zinc cath- 
c)de in an alkaline electrolyte constitutes an electric 
battery which will give a large output per unit 
weight or volume and therefore finds application 
in special military devices where weight and .spare 
are at a premium. This type of battery can be re- 
charged a few times and i.s therefore a storage bat- 
tery, but it ran withstand only a limited number of 
cycles of charge and discharge and also has a 
rather limited shelf life. These features, as well as 
the co.st restrict its more general use. For a dis- 
cussion of the Important photographic uses of sil* 
ver compounds, see Photographic materials. 

Monovalent silver forms a large number of stable 
coordination compounds. These arc often two- 
coordinate, having two ionic qt molecular group* 



altarhed to a central Ag^ ion, as in fAg(NH 3 ) 3 ]+ 
or |Ag(CN) 2 | . Three-coordinate complexes such 
as lAgCl.il' , are also known, and four-coordinate 
complexes like (AgChl* and TAgCCNl^]* prob- 
abl\ occur in solution. Silver cyanide. AgCN, is a 
long-chain coordination compound, made up of 
.illernate silver and cyanide ions. Divalent silver 
can be stabilized against decomposition by eom- 
plexing the Ag-" ion with the organic compounds 
,>-phenanthroline. pyridine, and n. r/-dipv!id\l. The 
lijvalent Ag"*^ ion can be stabilized thioiigh com 
plexing with ethylenedibigiianide. All the coinage 
metals, that is. copper, silver, and gold, complex 
more readilv with substances that can pr<»\ide 
nitrogen, sulfur, or halogen atoms foi atta<lirnent 
lo the metal than they do with ox> gen-providing 
niihstances. Complexes of sil\er with hydroxide ion, 
for example, art not \et\ stable compared with the 
livdi oxide «‘omplexes of zinc, which is a good co- 
ordinator with oxygen. Accordinglv, silver oxide 
di'.solves tmlv slightiv in strong solutions of sodium 
livdroxide, whereas /inc hvdroxide dissolves through 
I ofiidination with hvdroxide. displaving the prop- 
er tv known as aniphoterism. 

Most silver compounds are poisonous and silver 
rutrate is t lasscd as a ha/aid«His ( hernical. 

Analytical methods. Solutions containing silver 
ion iiiav he leadilv ideiili(i(*d hv pie<*i|)ilation of 
silvn (liloride iirron addition of hydrochloric a< id 
ni .1 soluble chloride salt. The precipitate ina\ he 
d)s|inguish(*d from those <»f lead and monovalent 
mMMirv hv its ability to dissrdve when excess arn- 
irioniuni hvdroxide is added, and to ieprc< ipitute 
when iiitrir acid is added. Quanlitalivelv. eitl>cr sil- 
ver (liloiide or silver bromide may he c‘onvenientl\ 
pic( ipilaled, dried, and weighed. Silver ion may 
also he reduced by elcctrolvsis and weighed ns me- 
lallii silver. Standard potassium thioevanate solu- 
tion niav be used lo analyze for silver vtdumetri- 
<dll\. .See (]oppkr; Ki tropla iin(, of Mtrvm; 
tauj). [w.i.f.] 

Hih/iography: .1. C. Bailar, Jr. fed.), Thr Chem- 
/'trv of the Coordination Compounds, 1%6; N. A. 
Lange and G. M. Forker feds ), Handbook of 
( ht'Fnistry, 9th ed , 19S6; N. V. Sidgwiek, The 
(hvmital Kiements and Their Compounds, vob* 1. 

M. C. Sneed, J, L. Mavnaid, and R. C. 
flra^tod feds.). Comprehensive Inorganic Chemis- 
try, vol. 2, 19S4. 

Silver alloys 

f <'inhination» of silver with one or more other met- 
Pure silver is very soft and ductile but can be 
hardened by alloying. Copper is the favorite hard- 
Hier and normally is employed in the production 
''telling silver, which must contain at least 92.5% 
'‘ilver, and also in the production of coin silver, 
''^hi(h, in the United States contains 90^ silver, 
the balance being copper. Pure silver melts at 
%0°C. but this is lowered by the addition of rop- 
to a minimum of 779®C at 28% copper. This 
silver-copper eutectic and modifications contain- 
zinc, tin, and cadmium are widely used for 
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brazing purposes, where strong joints, having rela- 
tively good corrosion resistance, are recfuired. The 
high electrical and thermal conductivities of pure 
silver, slightly exceeding those of copper, along 
with its resistance to oxidation and moderate cost, 
have led to the large use of silver for electiical 
contacts. Because of the tendency of silver to form 
sulfide films, it is desirable to employ voltages in 
excess of about 12 volts and reasonable pressures 
in using suc-h contacts. Frecjiientlv, ihe silver for 
contacts is allovc^d with 10^ ^ cojiper. with a small 
amount of cadmium, or, better still, with cad- 
mium oxide, which improves the behavior of the 
contdf't mateiial under many condititms. 

Noble-metal alloys. SiUei may be alloyed with 
gold or palladium in any ratio, producing soft and 
ductile alloys: certain of these intermediate alloys 
are useful for electrical contacts, where resistance 
to sulfide foirnation must be achieved. This recpiircs 
about 40 50^; palladium or slightly more gold. 

In lecent years, silver ba-^ sold for a little less 
than %{ fiei tro\ cnincc or about .S cents per gram. 
It has a densitv of 10.5 so that pure silvc*r c*osts 
about $5 pi‘r cubic* inch. .Sterling and coin silver 
cost slightiv le^s. In an earlv effort to n*duc'e the 
c*ost of silver articles, the tec hnjc|iic c»f bonding sil- 
vei to copp'*** ii*^d rolling the c*omposite material 
into sheet was developed in Kngland. particular] v 
111 the* vic'iiiitv ol Shc'fficdd; the product was there- 
foie known as Sheffield plate. However, with the 
dcwelopmeril of the method of elec*trodepositing 
silver fioin a double evanide solution by G. R. and 
H Elkington in 1844. tlie produc*tion of .Sheffield 
plate almost disappeared and was replaced by 
electroplated silver. This was the first commerc*ial 
use of electroplating, and basical I v the same solu- 
tions are still einploved. 'J'he Elkingtons found that 
trie rno'‘t satisfactory base metal upon w’hich siKc'r 
f'ould be plated was the ancient Chinese alloy 
known as paktong. which was found to contain 
nickel, topper, and zinc. It is still made under 
the general name of (German silver or nickel silver 
and still c'onstitiites the most satisfactory base lor 
silver electroplate. 

Technical alloys. Silver has proved to be a use- 
ful c'omponeril foi high-duty bearings in aircraft 
engines, where it inav be overlaid with a thin layer 
of lead and finally with a minute c'oating of indium. 

The fact that silver is readilv oxidized and re- 
duced is a limitation to its use for certain electrical 
purposes, particularly where silver conductors are 
in contact with vulcanized fiber or similar materials 
and are «ul)|erted to a reasonable voltage gradient. 
Under these circumstances, the silver tends to mi- 
grate and develop c*onducting paths within the in-, 
sulation, which are difficult to detect. 

Specially developed alIoy.s of silver with tin, plus 
small percentages of copper and zinc in the form 
of moderately fine powder, can be mixed with mer- 
cury to yield a mass which is plastic for a time and 
then hardens, developing relatively high strength. 
This material was developed specifically for dental 
use and is generally known as amalgam, although 
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the term amalgam actually includes all the alloys 
of mercury with other metals. Dental amalgam is 
the most widely used tooth-filling material and is 
one of the most useful of the dental materials. It 
possesses some limitations in strength and also dis- 
colors in the mouth, but silver ha«* some germicidal 
effect which probably is helpful in this instance in 
preventing further deca\, which is particularly im- 
portant in children’s teeth. 

Silver IS a c omponent in many of the colored gold 
alloys used not only for jewelry but also for den- 
tistrv ; when added to the gold-cupper alloys or the 
palladium-copper alloys, a large improvement re- 
sults in the strengths obtainable by heat treatment. 
The addition of platinum or pallddium to some of 
these alloys further augments their strength or 
hardenability and also renders them more suitable 
for rubbing electric al contacts. The softness of sil- 
veT. its insolubility in iron, and its freedom from 
oxidation at high temperatures make silver powder 
useful in preventing the threads in high tempera- 
ture bolting from sticking at temperatures up to 
about 6S0°C In the absence of silver, such bolts 
may bond together after a short time so that they 
( annot be unsc rewed. Where silver is to be used at 
high temperatures, the pure metal should be em- 
ployed; it has been so used tor electrical windings 
in motors operating as high as 500®C. At moderate 
tempeiatures. silver coatings are frequently useful 
in electrical devic^es to ensure good electrical con- 
tact in bolted loints and to provide a low-iesistivitv 
coating in equipment whic h will be operated at high 
frecfuencv where the skin conduc'tion is of ptimary 
importance. Thin silvei electroplate also may be 
apjilied to copper and copper parts to facilitate 
soldeiing. particularly aftei the parts have been 
stored for some time and have become oxidized 
and difficult to soldei in the absence of the silver 
coating. 

Because silver does not oxidize on heating, it is 
used in applying elc*c trie ally conducted coatings 
to ceramics; a paste c ontaining fmelv divided silver 
plus certain additives is applied to the ceramic. 
Upon heating to redness, the silver coating be- 
comes firmlv bonded to the cc*raniic. With c are, the 
product can be soldeied; the method is widely used 
in making connections to ceramic capacitors and 
similar devices. Similar coatings are used for deco- 
rating glassware. These mav be coated with addi- 
tional silver by elec*trodeposition and finally with 
rhodium to prevent tarnishing. 

Because of its resistance to acetic acid and many 
other organic materials, as well as to alkalies, sil- 
ver-lined equipment finds considerable use in the 
chemical industry — in autoclaves, piping, and simi- 
lar pieces of equipment, some of it very large. In 
high-temperature applications, the high solubility 
of oxygen in silver and the rapid diffusion of oxygen 
through it must be recognized. Silver, alloyed with 
a base metal, will suffer internal oxidation when 
heated in ait. and a silver coating applied to a 
base metal, such as iron, affords no useful protec- 
tion at high temperatures, because the oxygen will 


go through the silver, oxidizing the iron at the in- 
terface. Furthermore, silver will be damaged if 
heated in an oxidizing atmosphere and then in a 
reducing atmosphere, particularly if the latter con- 
tains hydrogen. .See Silvlr; Silvkr mltallurcy. 

[e.m.wi.] 

Silver chloride electrode 

An electrode made of silver, covered or intimately 
mixed with silver chloride. One method of prepa- 
ration consists of coating a silver wire or a silvei - 
plated noble metal with silver chloride by electrol 
ysis as an anode in a chloride solution. A second 
method consists of three steps. (1) pasting silver 
oxide or oxalate on a platinum helix, (2) reducing 
the oxide or oxalate to silver by heating to 500"C. 
and (3) chlorodizing pail of the silvei to silver 
chloride. A third method < onsists of pasting an in 
tirnate mixture of silver tixide and silvei chlorate 
on a platinum helix and heating to 50()°C. Although 
these systems are frequently referred to as silver 
chloride elec-lrodes, they are, in reality, not cIp( 
trodes until immersed in a chloride solution Thf 
standard potential of the silver chloride dec irode i*. 
—0.2224 volt relative to the normal hvdrogcn ele< 
trode at 2.S°C. The potential of the elettiode is a 
logarithmic function of chloride ion; that is, it i^ 
reversible to chloiidc itm. This idcc trode finds wich 
use in the study of chloride systems, as a repla*e- 
ment for calomel in half-cells, and as the inner 
elec'tiode in sonif' glass electrodes See (]I\ic>mii 
ELEC iRODt ; Eli c trodi poi f ntiai ; Ui ass i i m 
TRODL ; HyDROC^HX FLtriRODl'. [w.l H | 

Silver metallurgy 

The extraction from t»rc*s, refining, and preparation 
of silver. Silver is widely distributed in nature and 
occurs in both native and combined foims. The most 
common minerals are argentite, AgjS; cerarg>ritc 
AgCl; and stephanite, Ag*iSbS». Some ores aie 
treated for silver alone (or for combined silver-gold 
values) ; however, the greater part of silvei i^ pi*> 
dueed as a bv-prodiict of the smelting of base 
metal c»res, notably those containing coppei, lead 
or zinc sulfides. The world’s annual production of 
silver is about 2.')0,000,000 fine ounces. Among the 
principal silver-producing countries (with iWi 
production in millions of ounces) are Mexico. 46: 
U.S..S.R., estimated 2.*>; Canada, 24.2; Peru, 23.0, 
and Australia, Ifi. The II.S. Treasury price of silvei 
has been fixed since 1946 at S0.90.S per ounce. 

Cyanidation. As applied to silver oreis, ihi*' 
process differs only in detail from the cyanidation 
of gold ores f^ee Cold mlyallurcy). Dilute cya- 
nide solutions, containing dissolved air or other 
weak oxidizing agents, dissolve not only metallic 
silver but also silver sulfide and chloride. The sil- 
ver cyanide cc^mplex AgfCN )2 is formed in cac’h 
case. The precipitation procedures, involving 
duction with zinc dust and subsequent refining n 
the precipitate, also lesemble those for gold. 

Refining of electrolytic slimas. Nearly all base 
metals which are refined ele^trolytically (fo** 
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ample, copper and nickel) contain home silver 
which is usually insoluble in the electrolyte and 
(ollects on the anode or as an anode slime. Re- 
covery of the silver and other precious metals 
from this slime is commonly effected by (1) roast- 
ing to oxidize base metals, (2) water-leaching the 
calcine to remove soluble metals, (3) smelting the 
lesidiie with a suitable flux to slag off remaining 
base metals, and (4) electrolytic refining (using 
cither the Balbach-Thum or Moebius process) to 
separate the gold and silver. See Gold. 

Parkes process. This is employed almost uni- 
versally to recover by-product silver from lead 
(lies, nearly all of which contain some silver that 
collects in the lead bullion during smelting. In 
I he Parkes process, zinc metal is stirred into the 
molten lead and combines with the silver to form 
jn alloy which collects on the surface and is re- 
moved by skimming. 

Amalgamation. This process, when applied to 
mlver ores, is similar in principle to that used with 
gold ores. Although now largely superseded by 
ivanidation, it is of considerable historical interest 
and was used from the sixteenth to the nineteenth 
entiiries to produce vast amounts of silver in 
Mcxic'o and South America. See Silvlr; Silvkr 
MH)\ s Ij.h.) 

fiibliogntphYi W. H. Dennis, Metallurgy of 
\on terroiis Metals, 1954. 

Silverfish 

\ small, piiinitive, wingless insec’t, Lepisma sac- 
t fianna, of the order Thysaniira. It is found through- 
out the United States and is a well-known household 
pest It is about in long, covered with scales, 
and sil\c'r> gray in color. It is readily iccognized 
hv the three long appendages at the end of the ab- 
domen. Silverfibh eat food of high starch content 
ind may damage clothing, wall paper, books, and 
l>ook bindings. 



l^He silverfish, Lepisma saccharina; length to Vt in. 
(from E. i. Palmer, Fieldbook of Natural History, 
McGrow-H///, 1949) 


Thete is no metamorphosis, the young being 
''iinilar to the adult. A few eggs at a time are 
laid in cracks or folds of food material. Develop- 
^♦"Rt takes about 2 years in temperate regions and 
*1**" life span is somewhat longer than that of most 
Hisects, 


\ t losely related species, the firebrat, Thermobia 
can be distinguished by the dark and 
”Kht mottlings on its back. This species prefers 
even hot, situations, and frequents such 
places as bakeries and furnace rooms. See Thy- 

[j.D.B.l 


Silviculture 

Silviculture and forest management are closely re- 
lated branc'hes of forestry that deal with the treat- 
ment and planned use of forests. This article dis- 
cusses both silviculture and fore.st management. 

SILVICULTURE 

Silviculture is the theory and practice of control- 
ling the establishment, composition, and growth of 
stands of trees for any of the go<ids and benefits 
that they may be called upon to produce. In 
practicing silviciiltiite, the forester draws upon 
knowledge of ail natural factors that affect tiees 
growing upon a particular site and guide's the 
development of the vegetation, which is either es- 
sentially natural or only slightly domesticated, 
along the lines that will best meet the economic 
demands of society in general and ownership in 
particular {see Forest ecololy). 

The techniques proceed on the assumption that 
the natural vegetation of any site normally tends to 
extend itself to o<cupv all available growing space, 
making the fullest possible use of the available 
growth factors, such as light and moisture, 'fhe foi- 
ester attempts, usually by cutting in the act of har- 
vesting useful wood products, to create vacancies in 
the forest vegetation that will provide environments 
that aie favorable cither to the establishment of 
new, desirable trees (repioduction cuttings), or to 
the enhanced growth of those that remain (inter- 
mediate cuttings). 

Intermediate cuttings. These are made during 
the life of a particular crop of trees to correct de- 
fects in its composition, to provide income, and to 
increase the amount or value of the timber pro- 
duced. Under intensive management, these mav in- 
clude various kinds of release c uttings designed to 
fiee desirable trees not past the sapling stage from 
the competition of taller or faster-growing trees 
that either are of undesirable species or are defec- 
tive specimens of otherwise acceptable species. If 
the trees to be removed in such cuttings are not 
men hantable, they may be killed cither by girdling 
or by various tree-killing chemicals. Sec Plant 

TRANSLOCATION (ORGANIC SOLIirLS). 

Most of these techniques of killing unwanted 
trees involve the poisoning or removal of a band of * 
bark and cambium to halt the downward movement 
of carbohydrates from the leaves to the roots {see 
Plant anatomy). The roots eventually starve, thus 
pausing the death of the whole tree. Water-soluble 
poisons can also be introduced into the wood (xy- 
lem) and are then carried upward to kill the crown 
(5ee Xylem). Some chemicals can be sprayed onto • 
the foliage and branch surfaces, from either the 
ground or the air. Under the proper conditions, this 
treatment kills undesirable deciduous species with- 
out significant harm to conifers beneath them. 

Improvement cuttings are made for the same gen- 
eral purposes as release cuttings but in stands be- 
yond the sapling stage. The varied assortment of 
material eliminated is often merchantable; such 
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previously untreated 
horizontal lines near 


even aged stand 
the bases of the 


Fig 1 A 
marked (by 

stems) for a typical thinning In general the least vig to free trees of good form but lower vigor 


orous trees would be removed but there are several 
instances in which thrifty trees of poor quality are cut 


cuttings fitqiientiv tun'^titulf ihr first step in hung 
ing prev]oiisl\ untreated stands unde r manage meiit 
Salvage uittings are smnewhat rnmpatable opera 
tions (onducted to sa\e useful in iterial fiom treis 
that have been killed oi inpiied b\ the iinixpected 
atto< ks of \arioiis damaging agem les 

Thinnings are made in immature stands to stimii 
lutf the growth of the trees that lemain and to in 
I rease the total piodiittion (Fig 1) Risis for their 
(ondiKt IS found in the fait that new stands stait 
with man^ hundreds oi thousands of tiees pe*r acre 
and iiltimatelv dee line to no more than seveial hun 
dred as a result of seveie competition The irowns 
and roots of indi\idiii1 ttees expand and the indi 
\iduals that glow fastest in height overtop and 
Iiltimatelv kill the laggiids \f tifu lal thinning rep 
resents a {udicious acctleration and guidance of 
this process So long as the tiers of a stand are 
siilhc le ntl\ niimeToiis to he c apable of expanding to 
oc c up\ the available growing spac e < ornpleteK the 
gross volume of raw wood produced b\ a stand of 
gi\en composition and age on a partic iil ir site re 
mains ii»arl> independent of ihe number of trees 
per aiie He cause a gi\en \olume of wood has 
gie itci \alui and utilitv if prodiieed on a small 
numbei oi large trees lather than a large number 
of small tiees it is generally desirable to leduce 
the stocking periodic alU to the smallest numbe^r of 


good trees that will fully occupy the site This proc 
ess can enhance the growth of the remaining tiees 
in diametet but not in height Thinning also m 
creases the actual \ield of i stand through the hai 
\csi of surplus mere hantable tn i s that might othf i 
wise be killed bv competition and lost to deca\ 
The t»ractice often imitates the natiiial jirocess b\ 
eliminating the smaller trees in favor of the laigei 
However if the smillei tiees hapipen to be mme 
desii ibic thin the larger trees ind aic of sufhcicnt 
vigoi It Is possible to altei the pattern of remov ib 
to rescue them Thinning enables the foiestcr to 
guide an existing stand along lines of o|itimum dc ^ 
velopmeml end to sec me enrient income from in 
otherwise imriiatuie c rop (Fig 2) 

Pruning is the removal of bramhes fiom tin 
stems of living ire^ oidinanlv for the pm pose o| 
me leasing the volume of cleat (knot free ) wood 
The practice is best confined to high cpi ililv tiecs 
destined to be favored bv thinning is put of llu 
hnal c top 

Reproduction cuttings. Ihese an made when 

the piospective growth of an old stand is dceinccl 
less valuable than that of a nf*w stand In Amen 
can tiractice new stands are usuallv sought fiom 
natural seeding Aitiheial planting is used mainlv 
in situations in which there is little or no possihil 
ity of establishing a desirable stand bv naliiril 



Fig 2 (a) Thinning in 60 year-old Douglas-fir, west- Amer Forest Products Ind ) (c) Eastern white pine pion 

ern Oregon Crown Zellerbach, Amer Forest Products tation, 25 years old, after pruning and first thtnmng 

Ind ) lb) Thinning of loblolly pine stand for putpwood Connecticut (Yale Univ School of Forestry) 
and saw logs (South Carolina Forestry Commission, • 
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Fig. 3. Application of the cleorcutting method of nat- 
ural reproduction in old-growth Douglas-fir in the 
Pacific Northwest. (Amer. Forest Products tnd.) 


smlin^i?; however, it can also be used where natu- 
ral regeneration is regarded as too slow or if se- 
lecNid .superior .strains are to be introduced. 

Snceessful natural regeneration demands basic 
knowledge of the ecological rtjquireinenls for ger- 
mination and survival <if the desired species (.see 
Dkndrolouy ) . An abundant .source of seed is essen- 
tial. The (condition of the .seed bed and the arrange- 
ment of the remaining trees must also be adjusted 
to provide an adequate number of spots where the 
environment is more favorable to establishment of 
the desired species than to any others. The native 
flora of any forest region include.s species adapted 
to colonize almost any kind of vacancy that might 
he created in the forest by natural disturbances, 
great or small. The forester attempts to simalate 
the kind of disturbance thgt will lead to establish- 
ment of the particular species desired. 

Reproduction cuttings are usually classified ac- 
cording to the degree of exposure caused by re- 
moval of tree cover, the number and arrangement 
of trees left for seed on the cutover area, and the 
age distribution of the new stands created. In the 
< learcutting method all the trees on the area where 
J'egeneration is sought are cut, exposure is com- 
plete, and adjacent uncut stands are relied upon as 
a source of seed (Fig. 3). The seed-tree method 
differs only in that a limited number of trees are 
temporarily left on the area to provide seed, but 
the degree of exposure is scarcely diminished. 
1 hesc two methods are successful only for wind- 
disseminated species and where environmental con- 
ditions arc highly favorable to the establishment 


of seedlings. They are, for example, used in the 
management of the southern pines and the coastal 
form of Douglas-fir. In the shelterwood method 
enough trees are left on the cutting area to reduce 
the degree of exposure significantly and also to 
provide a substantial source of seed (Figs. 4a, 5). 
In this method the gre^wth of a major portion of 
the preexi.sting crop continues, and the old tree.s 



Fig. 4. (a) An even-aged stand after a uniform shel- 
terwood cutting, (b) An uneven-aged stand after a 
single-tree selection cutting. 
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Fig 5 Uniform shelterwood cutting in 80-year old 
stand of oak and other hardwoods, Connecticut (Yale 
Untv School of Forestry) 


are not eritnelv remo\ed until the m w stand is well 
established The ihn e methods |ijst desi nhed lead 
to the creation of essentidll> even aged stands 
The various modific ations of the selec tion method 
howe\er lead to the creation of une\eii aged stands 
c haiac ten/ed bv the prespiue of thiei or moit dis 
tine t age classes (Figs 4/i 6) Reproduction cut 
tings iindc'r the selec tion method ot c ui in thf same 
stand at inoie oi less e<]ual intenals of tinu and 
are not coruentrated near the end of the life ol the 
crop as HI the e\en aged stands Ffoth the shelter 
wood and selection methods are subiect to a very 
large arnoiiiit ol vaiiation and modification they 
ate both applied in one form or another to the 
management of almost all species and forest types, 
except the few species that med pioteelion fiom 
extreme exposure to become established 

Ihc so called coppice nu thods involve establish 
ment of new stands from spioiits aiising fioni the 
stumps or roots of eut trees They leniam important 


in America only in the reproduction of stands of 
aspen, but are commonly used in many parts of the 
world where forests of sprouting hardwoods are 
managed primarily for the production of quirk 
crops of small fuel wood 

(dean fitting is not necessarily crude silviculture, 
it may even represent the final harvesting opera 
tion following a senes of frequent intermediate c ut 
tings Conversely. light periodic partial cuttings do 
not invariably repiesent highly efficient piactice 
hut may involve '‘high gtading*’ in which the few 
good trees of an otherwise untended stand are cut 
to leave it dominated by undesirable trees 

In the application of partial c fating, use is oft^n 
made of the concept of financial maturity as a 
guide in determining which trees to cut and which 
to resetve foi additional growth According to this 
concept the market value of each standing tiec is 
regarded as a capital nuestment and an attempt 
is made to prc^dict the me tease in value of the tiee 
between the cutting immediatelv in prospect and 
the next rutting If this inc lease in value does not 
represent an acceptable rate of compound interest 
on the investment represented bv the piescnl value 
of the tree it is marked foi immediate cutting 1 ii 
der this c one ept fast growing trees of goc»d cfualjt\ 
are rescTved while poor unthiiltv trees are likeK^ 
to be cut See Fori- si st-FoiNir and i»i aniinc 
Accessory practices. I he applu ation of siIvk iil 
tore involves a numbc‘r of ac c essorv piac tic es cahe i 
than cutting hire*^like the axe is an agenev thil 
can be used wisely to build the foiest or imwiseh 
in Us witless dcNtruction In localitits ol high lire 
risk, It is often mandatory to dispose of the slash 
(logging debris) after cutting bv burning it either 
bioadc ast as it lies or after it has been piled I his 
not onh leduccN the potential fuel hut it may al o 
help the establishment of sendlings by baring the 
mineral soil or reducing the phvsual banier re pie 
sented by the slash Slash disposal is most often 



Fig 6 (a) Selection cutting in ponderoBO pine stand, production of redwood after selection cutting^ north 

eastern Oregon (U S Forest Service) (b) Natural re- ern California (Amer Forest Products Ind ). 
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necessary where the cutting has been very heavy or 
where the climate is so cold or drv that decay is 
slow Deliberate prescribed burning of the litter 
hcmealh existing stands of fire resistant species m 
sometimes c arried out even in the ahsenc e of c ut 
ting to reduce the fuel for wild files, to kill unde 
suable undei story species (including those reprc 
senting stages in plant succ ession later than those 
clcsiied) to enhance the production of forage for 
^ild and domestic animals, and to improve sced- 
Ih d c onditions Prudenc e demands that sue h burn 
mg be prescribed only by experts under caiefully 
< hosen weather conditions and with ample provisicm 
for controlling the fires (acc 1«or|'SI firi- con 
iRoi ) The prac tice has been used mainly in stands 
of fire lesistaiit 2 and 1 needled pines primarily in 
the southeastern United States, where it c loselv imi 
tates the effect of natural hies Hea\> disk plows 
modified hulldo/ers and simiiai ecpiipmcnt also 
find limited use in the elimination of undesirable 
\egftdtion and preparation of the soil for estab 
lishment of new ciops by planting or natural seed 
mg 

Sil\ic iiltiiral prac tic es mav be c ondiu ted not onlv 
for the growth of wood products but also to de 
\<lop forest stands of foim and composition con 
>isifiit with wist management of watci wildlife 
i»id other finest lesoiirces (Fig 71 tor example 
ill! \jeld of watei from a forested watershed can 



Fig 7 Stand of yellow poplar, oak, and other hard 
woods with on understory of hemlock after several 
partial cuttings on a municipal watershed in Connect 
icut (Yale Univ School of Forestry) 



>=•9 8 Two ogo cloMot of loblolly pim devolopod 80 yoara old and that in foroground b about 10 yoan 

^n»n natural loodlng. Stand in background it about old. (Amor forojt Product* (nd.) 
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be enhanced by frequent ruttingb that interrupt the 
crown canopy and thus reduce the amount of pre- 
cipitation that ib intercepted and lost through evap- 
oration. Periodic cuttings of the proper sort can 
also be used to provide a continuous supply of low 
food plants for wildlife (see CoNbfRVAiiON of re- 
SOr RCFb). 

Silvicultural systems. Integrated schedules of 
treatment for stands are called silviiultural 8> stems. 
The> rover both intermediate and reproduction cut- 
tings, but are classified and named in teims ol the 
general method of repiodiiction cutting contem- 
plated Such progiams are evolved for particular 
situations and kinds of stands with due regard for 
all the significant biological and economic consid- 
erations involved. These considerations include the 
desired uses of the land, kind of wood products 
sought, prospective costs and letiirns of the enter- 
prise represented by management of the stand, 
funds available for long-term investment in stand 
treatments, harvesting techniques and equipment 
emploved, reduction of losses from damaging agen 
Ties, and the natural requirements that must be met 
in reproducing the stand and fostering its growth 

FOREST MANAGEMENT 

This phase of forestry deals with the application 
of business methods and tec hnu al forestrv princ i 
pies to the opeiation of particular forest propel ties 
In the btoadest sense, it involves the integrated ap- 
plication of all pertinent knowledge drawn from the 
natural and social sc'ienc'es to the conduct of enter- 
prises involving ownership of forest land. Tech- 
nologic al aspects of the subject are described in the 
following paragraphs. 

Rotations and cutting cycles. The rotation is the 
period required to establish and glow a timber c rop 
to a specified condition of maturity. The basic ob- 
jective is to use the rotation that will give the max- 
imum average annua! profit per acre for the whole 
rotation. Important among the factors that fix this 
rotation length aie (1) the inevitable decline in 
physiological efficiency and growth associated with 
inc leased size and age of trees; (2) increasing in- 
c idence of loss caused by damaging agencies, espe- 
ciall> heart-rotting fungi; (3) degree of attainment 
of the tree sizes required for efficient manufacture 
of the products desired; (4) the concept of finan- 
< lal maturity; and (.*>) attainment of seed-bearing 
age In Nortli American forests, economic rotations 
in managed forests tend to be SO-120 years long, 
involving attainment of final tree diameters of 18- 
■M) in., although management exclusively for small 
produc ts such as pulp wood may involve shorter ro- 
tations and smaller final diameters. 

The cutting cycle is the planned interval between 
harvesting operations in a particular stand or group 
of stands. Under the least intensive kind of man- 
agement, it is equel to the rotation. In uneven-aged 
stands consisting of a wide variety of intermingled 
age c lasses it is usually a relatively rigid fraction 
of the rotation ranging from about Ko depend- 


ing on the intensity of management. In even-aged 
stands the interval between cuttings tends to flue 
tuate according to a pattern related to the need foi 
tending the crop at different stages of development, 
although the desirability of systematic program- 
ming imposes a certain degree of regularity. 

Regulation of cuts. One of the peculiar features 
of the managed forest is the fact that living trees 
constitute both the productive machinery (that is 
growing stock or forest capital) and the product 
Caieful judgment must be exercised in determining 
which and how many trees should be reserved for 
growth and which represent a surplus over the es 
sentidl growing stock and may thus be regarded as 
product available for harvest. The ideal objective 
is to create a growing stock c'ontaining the correct 
distiibution of ages, species, tree diameters, and 
classes of tree quality to provide a steady and op 
timijin yield of product trees in perpetuity. Ideallv 
the capacity of the manufacturing facilities depend 
ent on the particular forest for raw material is in 
balance with this sustained yield. Under such cii 
c umstaiK es, the economic security of the enterprise 
tends to depend upon the accuracy with which the 
volume of growing stock and the volume of cut 
stock die kept in balancT. 

In its simplest terms, a forest capable of provid 
mg an optimum sustained yield would have an 
equal area occupied by even aged stands of the dc 
sired composition repiesenting each year of age 
from 1 vear to tbfit corresponding to the chosen lo 
tation age For example, a forest of 80,000 acies 
arranged on this ideal basis with a 80 year rotation 
would have 1000 acres each of stands 1 year old 
2 \ears old, 3 years old, and so on iiji to JOOO 
df res of BO-yeai-old stands readv for immediate c ut 
ting (Fig. 8). The approach embodied here is leg 
ulation by area, and it can be applied onlv to 
forests consisting of stands that are essentially even 
aged. Yield tables are often available to provide a 
basis for estimating the volumes of timber present 
in each age class (see Forfst mfnsijraiion ) The 
main component of the annual cut is the volume 
present in the one final, mature age class, although 
substantial additional volumes may be harvested 
fiom thinnings and other intermediate cuttings m 
the immature age classes. 

An alternative technique is regulation of cut b\ 
volume. Basically this also involves the ideal forest 
with all necessary age classes represented on equal 
areas, but no attention is paid either to the age** 
of trees or to the area occupied by different ago 
classes.' Instead, the appropriate distribution of 
numbers of trees, with respect lo their diameter 
(Fig. 9), or volume or basal area, with respect to 
diameter or age class, is derived from either ytoW 
tables or various hypotheses about the straight 
line relationship that the logarithm of the averag** 
number of trees per acre bears to tree diameter m 
forests with the correct distribution of age clas-e^ 
Advantage is taken of the fact that, in forests with 
the correct distribution of age, volume, and tree d* 




Fig 9 Graph showing (by the solid line) the dis- 
tribution of numbers of trees with respect to diameter 
in a stand or forest in which the representation of 
age classes has been adjusted to guarantee a per 
petual and uniform sustained yield. The dashed lines 
under the curve illustrate how this diameter distribu 
tion IS derived from the summation of nearly bell- 
shaped curves defining the diameter distribute .ns of 
7 even-aged stands varying from 10 to 70 years of 
aqe 

.inipfer, thr (Mit that can be made in a fiartirular 
piMind without jeopardi/inp; future siibtaiiied \ield 
equal to the p;rowth occurring in the same period. 

I Ills growth can he estimated both from extiapola- 
lion of direct measurements of growth in the pe- 
iiod of equal length )iisl past and from use of yield 
tables. 

The application of either general meth<>d of regu- 
lating the cut is complicated bv differences in the 
griming capaeitv of various sites, eomposition, an- 
nual market requirements, silvieultural methods, 
and harvesting techniques, but most of all by the 
lai I that the ideal distributions can at best be only 
api»rovinmipd even after decades of carefully 
planned cutting. fD.M.S.] 

bibliography: See Forest and forestry. 

Similitude 

Hie use in scientific studies and engineering de- 
"^gns of the corresponding behavior between large 
^ttd small objects of similar nature. Two structures 
nehave similarly if they are geomelrically. kine- 
«»diu*ally, and dynamically similar. For geometric 
‘‘^miUrity the ratios of critical dimensions, such as 
fatins of diameters to lengths, must be equal For 
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kinematic similaritv, corresponding velocities and 
velocity gradients must be in the same ratios at 
corresponding locations. For dynamic similarity 
ratios of forces acting within the two structures, 
siicdi as viscosity and inertia, must be equal. 

As an example, cavitation occ'uis in a flowing 
liquid when the total pressure falls below the vapor 
pressure. To test a hydraulic turbine foi cavitation 
may be expensive and cumbersome, so a small 
model is built and tested. In sealing the model, the 
geometriial dimensions of the piototype are re- 
duc'ed, and a fluid is used with a eoiiespondinglv 
sc'aled vapoi piessiiie, or the operating pressiiie is 
scaled to pit*serve the relations between the ehar- 
actenslHs that affeet the bc^havim of the turbine 
and the model. .See Dimi Nsio\ At ANAivsis; 1)y- 
NAMH SIMIIARIIY; FlUID MFC ff AMIS; MoDFL 
till OR Y 

Model tests in wind and water tunnels towing 
tanks, dynamometers, antenna lest ranges, and 
plasma reacting with magnetic fields aie predi- 
cted on similitude lelations betw(*en the model 
being leslc‘d and the tiill-si/ed object being studied. 
The use of small models greatlv iniTeases the 
speed with whii h design changes can he explored. 
Wheie explosive reai tions mav oeeiir or where the 
structure is tested to failiiie. for example, ih*' use 
of small models iecliicf*s hazards. C^msiderablc* 
powei is saved and other economies are achieved in 
the use of ^mdll models. | f.h.r. ] 

Simple machine 

Anv of several elementary ma< hint's, one or more 
of which will be found in practically eviTy machine. 
The group of simple machines usualh include^ 
imh the leyer, wheel and axle, piillev for block and 
tackle), im lined plane, wedge, and screw. However, 
the geat drive and hydiaiilic press may also be con- 
sidered as simple machines. The principles of op- 
eiation and typical applications of simple mac hines 
depend on several closely related concepts. See 
EimiiNiy; Krution; Mhf hanicai. ai)\ aniac^f : 
PcvwMc; Work. 

Two conditions for static equilibrium are used 
in analyzing the action of a simple mai'hine. The 
fiist condition is that the sum of forces in any direc- 
tion through their common point of action is zero. 
The second condition is that the summation of 
torques about a common sxis of rotation is zero. 
Corresponding to these two conditions aie two ways 
of measuring work. In machines with translation, 
,work is the product of force and distance. In ma- 
chines with rotation, work is the product of torque 
and angle of rotation. See Block and tacklf: 
Gear drive; Hydraiivk press; Incf.ini:d i>lane; 
Lever; Screw; Wfdce; Wheel and axle. 

Work is the product of a force and the distance 
through which il moves. For example, the work 
done in raising a 10-lb object 15 ft is 150 ft-lb. In 
this example the work done on the weight goes into 
increasing the potential energy of the object. Work 
and energy, both potential and kinetic, have the 



same units, and in general the purpose of a ma- 
chine is to convert energy into work. 

For rotating machines, it is more convenient to 
consider torque and angular displacements than 
force and distance. Work is then expressed as the 
product of the torque and the angle (in radians) 
through which the object rotates while acted on by 
the torque. Torque, in turn, is the force exerted at 
a given radius from an axis of rotation. Thus, 
a 10-Ib force at the end of a 15-ft crank exerts a 
torque of 150 Ib-ft. 

Power is the rate of doing work. For example, 
one horsepower is arbitrarily defined as 550 ft-lb 
per sec, equaling 33,000 ft-Ib per min. | r.m.ph.] 

Simulator 

Any device in which a physical or a conceptual 
process or a mechanical, electronic, biological, or 
social system or combination thereof is represented 
in such a wav that the phenomenon can be imitated 
and thus studied experimentally. 

In a sense all analog computers, particularly 
those in whi(*h there is a one to-one correspondence 
between the problem parameters and variables and 
the computer parameters and variables, are simu- 
lators. An example of simulation in this respect is 
the study of dynamical systems by a network ana- 
lyzer, in whic'b a correspondence exists between 
mass, damper, and spring on the one hand and in- 
ductors, resistors, and capacitors on the other 

More suggestive examples are the submarine, 
flight, and wind-tunnel drive simulators. In the first 
two, the actual physical equipment and instrumen- 
tation is modeled for training use. Trainee person- 
nel experience rolling, pitching, and yawing mo- 
tions, observe instruments, and manipulate controls 
which, through analog equipment, solve various 
force and moment equations and, through servo- 
mechanism means, alter the behavior of the model. 

Digital computers have been used to simulate 
complex industrial processes. An example is the 
simulation of a factory in the production of an 
item made up of many parts. Given the number of 
each part required, the machines required in mak- 
ing the part, the time required on each machine, 
and the productive capacity of the machines, the 
computer can be programmed so as to schedule a 
sequence of machine operations which will tend to 
minimire over-all production time Various guiding 
rules, which are believed to establish schedules of 
an optimal nature or which must be stated to pre- 
clude unworkable sequences of operation, are in- 
cluded in the program. 

Another type of digital-computer simulation is 
management gaming. Various controllable aspects 
of a business enterprise, such as advertising 
budget, research budget, production volume, and 
product price, may be determined within limits by 
the human ^‘player.** These decisions are fed into 
the computer, which then simulates the operation 
of the business and prints out reports indicating, 
for example, sales volume, current inventory, state- 
ment of profit and loss, and production capacity 
for another period. 


Digital computers may simulate, in a way remi- 
niscent of direct analog simulation, various proc- 
esses that are thought by some to be inherently 
digital or symbolic in character. Examples are 
learning, concept formation, and heuristic reason- 
ing processes. However, there is no wide agree- 
ment on the validity of the several analogies. See 
Analog computer; Digital computer. [r.j.n ] 

Bibliography: C. C. Cotlieb and J. N. P. Hume, 
High-Speed Data Proce&sing^ 1958; E. M. Grabbe 
(ed.). Automation in Business and Industry^ 1957, 
(f. R. Stibitz and J. A. Larrivee, Mathematics and 
ComputorSf 1957. 

Sine wave 

A wave having a form which, if plotted, would be 
the same as that of a trigonometric sine or cosine 
function. It generally results from the solution of j 
problem having a one-dimensional space coordi- 
nate, such as the transverse vibrations of a string, 
longitudinal vibrations of a bai, or the propagation 
of plane waves of electromagnetic radiation or 
sound. 

The sine wave may be thought of as the projec 
tion on a plane of the path of a point moving 
around a circle at uniform speed For example, in 
part a of the illustration, assume that the moviag 
point travels around the circle at constant speed i 
The projection onto a plane would trace back and 
forth on the line indicated as the point went 
around the circW. If the plane is now moved to the 
left at constant speed r, as in part h of the illus 
tration, the resulting trace has the form of the 
graph of the sine function. 




Simple harmonic motion and sine wave, (a) Point /' 
moves around circle at constant tangential speed t 
its projection moves up and down between limits 
ond --a. (b) Same conditions as in (a), except that 
plane on which protection is plotted is traveling to left 
at speed c, thereby generating a sine wave. Angular 
speed Is rad/sec; total angle traced out from 
position equols <at rad. 



The wave trace of part h describes a body 
moving Vn siiiip\e \iani\oii\c molion. Tb\s molion 
changes in magnitude and lime so that it repeats 
itself exactly, as long as uniform speed is main* 
tained. It is characteristic of one-dimensional vi- 
brations and one-dimensional waves having no dis- 
sipation. See Harmonic motion. 

The sine wave is the basic function employed in 
harmonic analysis. It can be shown that any com- 
plex motion in a one-dimensional system can be 
described as the superposition of sine waves having 
certain amplitude and phase relationships. The 
technique for determining these relationships is 
known as Fourier analysis. See Fourier series 
^ND integrals; see also Wave equation; Wave- 
form; Wave motion. fw.j.c.l 

Single crystal 

In (Tystalline solids, the atoms or molecules are 
((tacked in a regular manner, forming a three-di- 
mensional pattern which may he obtained by a 
three-dimensional repetition of a certain pattern 
unit called a unit cell (.see Crystal structtirf; 
Crystallography). When the periodicity of the 
pattern extends throughout a certain piece of mate- 
rial. one speaks of a single crystal. A single crystal 
IS formed by the growth of a crystal nucleus with- 
out secondary nucleation or impingement on other 
I rvstals. 

Growth techniques. Among the most common 
methods of growing single crystals are those of 
P. Bridgman and .1. Czochralski. In the Bridgman 
method, the material is melted in a vertical cylin- 
diical vessel which tapers conically to a poiiit at 
the bottom. The vessel then is lowered slowly into 
a cold zone. Crystallization begins in the tip and 
continues usually by growth from the first formed 
nucleus. In the Czochralski method, a small single 
(rystcil (seed) is introduced into the surface of the 
melt and then drawn slowly upward into a cold 
7one. Single crystals of ultrahigh purity have been 
grown by zone melting. Single crystals are also 
often giown by bathing a seed with a supersatu- 
rated solution, the supersaturation being kept 
lower than is necessary for sensible nucleation. 

When grown from a melt, single crystals usufdly 
lake the form of their container. Crystals grown 
from solution (gas, liquid, or solid) often have 
a well-defined form which reflects the symmetry 
of the unit cell. For example, rock salt or am- 
mrmium chloride crystals often grow from solu- 
tions in the form of cubes with faces parallel to the 
^100) planes of the crystal, or octahedra with faces 
paiallel to the (111) planes. The growth form of 
orvstals is usually dictated by kinetic factors and 
<loes not correspond necessarily to the equilibrium 
|oim. See Crystal growth; Crystallization; 
refining. 

Physical propartlaa. Ideally, single crystals are 
frpe from internal boundaries. They give rise to a 
t'haracteristid x-ray diffraction pattern. For exam- 
Pk*. the Laue pattern of a single crystal consists of 
f 'tingle characteristic set of sharp intensity max- 
ima, See X-RAY diffraction. 
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Many types oi sui%\e etysla\ exVaVnt 
tbat Is, a variation ol some oi tbeir physical prop- 
erties with the direction along which they arc 
measured. For example, the electrical resistivity of 
a randomly oriented aggregate of graphite crys- 
taUites is the same in all directions. The resistivity 
of a graphite single crystal is different, however, 
when measured along different crystal axes. This 
anisotropy exists both for structure-sensitive prop- 
erties, which are strongly affected by crystal im- 
perfections (such as cleavage and crystal growth 
rate), and structure-insensitive properties, which 
are not so affected (such as elastic coefficients). 
The anisotropy of a structure-insensitive property 
is described by a characteristic set of coefficients 
which can be combined to give the macroscopic 
property along any particular direction in the crys- 
tal. The number of necessary coefficients can 
often be reduced substantially by consideration of 
the crystal symmetry; whether anisotropy, with 
respect to a given property, exists depends on crys- 
tal symmetry. 

The htructure-sensitive properties of crystals 
(for example, strength and diffusion coefficients) 
seem governed by internal defects, often on an 
atomic scale. See Crystal dlfects. Ld*t.] 

Bibliography: H. E. Buckley. Crystal Growth^ 
1951 ; A. Holden. Preparation of metal single crys- 
tals. Trans. Am. Sue. Metals^ 42:319-346, 1950; 
F. Seitz and D. Turnbull (eds.), Solid State Phys- 
ics^ vol. 4, 1957, and vol. 6, 1958. 

Sink flow 

A point in three-dimensional flow, into which fluid 
is presumed to flow uniformly from all directions. 
The strength of a sink is defined as the volume per 
unit time flowing into the point. A sink may also be 
defined as a negative source. 5ee Source flow. 

In two-dimensional flow, in which all flow occurs 
in parallel planes that have identical flow patterns, 
a sink is a straight line into which fluid flows uni- 
formly from all directions at right angles to the 
line. It appears as a point on the customary two- 
dimensional flow diagram. 

By analogy, flow of ground water into a well 
point closely approximates three-dimensional sink 
flow. The concept of the sink is useful in building 
up complex flow patterns when used in conjunction 
with sources, doublets, and uniform flow. [v.l.s.] 

Sintering 

Jhe welding together and growth of contact area 
between two or more initially distinct particles at 
temperatures below the melting point of the sub- 
stance. Sintering may take place at room tempera- 
ture in some materials, but the technologically im- 
portant cases are those occurring at elevated tem- 
peratures. Since the rate of sintering is greater 
with smaller particles than with large, the process 
is most important with powders, as in powder met- 
allurgy and in the firing of ceramic oxides. Some 
writers extend the term to include situations in 
which some liquid is present; the term then can be 
applied to all ceramic firing operations. 
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Sintering is observed macroscopically as an in- 
crease in strength, electrical conductivity, and den- 
sity. Often the first two can be observed before 
there Ls an increase in density and an accompany- 
ing shrinkage. 

Although sintering will occur in loose powders, 
it is enhanced greatly bv compacting the powder. 
This may be done before or during the heat treat- 
ment; the latter is called hot pressing (,«ee Cf- 
RAMic tkiinology). Generally, after precompac- 
tion, the greater the densitv before heating, the 
greater will be the fired or sintered density for a 
given heat-treatment. 

If has been observed that sintering begins in many 
materials at a temperature about half the melting 
temperature (on an absolute temperature scaled, 
and this temperature has been called the Tarnmann 
leiiiperature. However, this rule is followed only 
very roughly. The onset of sintering is affected by 
the particle si/e of the powder, small amounts of 
impuiities, and other factois. 

Oiiginally the term sintering was used to refer 
to pro( esses in which it was thought no liquid 
whatsoever was present. However, sinc‘e it is not 
absolutely lertairi that theie is no liquid in some 
industrially important < ases of sintering and since, 
in any case, there are important ceramic processes 
in which liquid is cleailv present, it has become 
customary in recent years to consider that sintering 
sometimes occuis in the pieseme of a liquid. This 
is often rcferied to as wet sintering, the process 
with no liquid being called di\ sinteiing. 

It is geneially conceded that the diiving force in 
sintering is the surface energy, which decreases 
because the total surface area decreases as sinter- 
ing pioececls. When two spheres originallv in tan- 
gential contact sinter, they move closer together 
and the material near the point of contact (shaded 
died in the illustration ) must be moved to the nec*k 
lietwecn the spheres 1'his process of material tians- 
porl IS not yet comtdetelv understood. Movement of 
li(|iiids could take place by viscous flow (as when 
two drop-i of water c oalcsce to form one) and it ap- 
peals that this docs occur in sintering of glass. 
Howexei. in crystalline materials such a process 
seems less plausible and it is thought that here 
defects in the crvsial structure (that is. missing 
atc»ms) move towaid the point of c'ontact and ma- 
teiial moves in the opposite direc'tion. It seems 
ic'dsonahle that the rate of sintering will depend 
cm the clistancr* material must diffuse and this 



Sintering of two spheres, 
initially in tangential con- 
tact, showing the resulting 
shrinkage. The material in 
the lens where the parti- 
cles overlap is removed to 
form a neck between the 
particles. 


agrees with the fact that fine powders sinter much 
more readily than do coarse powders. 

Another aspect of the effect of particle size is the 
phenomenon of grain growth. Besides reducing 
their suiface energy by growing together, the 
grains of a powder can reduce their surface energy 
by incTeasing in size. This second process competes 
with sintering, and when exaggerated grain growth 
oc*ciirs, it seems to do so very rapidiv and stop all 
further shrinkage. The smaller the initial particle 
si/e of the powder, the larger the grains will be 
aftei the sudden growth. 

Sintering in the presence of a liquid also in- 
volves movement of mateiial, gartlv by viscous flow 
of the licpiid and partly by ionic migration through 
it. It seems that the solubility of the solid in the 
licfiiid is greater at the points of contact, because 
the ptessiirc is highet there In solution, the ions 
diffuse awd> from the points of contact between 
parth les and refirei'ipitate elsewhere, filling the 
voids. .SVc Cl RMLi ; Powdi-r mliai lurgy. (m.c.m | 

Sinus 

A space in an organ, tissue, or bone. 11 snail v, lef 
etence is to the paranasal sinuses of the face In 
man, four such sinuses, linc^d with ciliated mucous 
membrane, communicate with each nasal passage 
through small aperluies. The ethmoid and sphenoid 
sinuses are located centrally between and behind 
the eyes. The frontal sinuses he above the nasal 
bridge, and the*maxillary sinuses are contained in 
the upper jaw beneath the eye soc k€*ts. In addition 




Frontal and side view of face, showing sinuses. (From 
N L Hoerr and A. Osol, eds., Gould Medical Diction- 
ary, 2d ed., Blakisfon-McGraw^ill, 1956) 


the mastoid portion of the temporal bones contains 
air cells lined with similar epithelium. 

These accessory air sinuses vary in size and 
shape with the individual and with age. They are 
present in the infant only as minute cavities, if aj 
all. and usually develop to adult size as the skull 
bones enlarge after eruption of permanent teeln. 

Fluid 01 inflammatory products that accumulate 
in the sinuses usually alter voice resonance an 
produce headache or pain. They arc frequently 
result of acute or chronic infections, or sinusittj* 
The membranes are well supplied with blood, 
Ivmphatics, and nerves, particularly those nerycb 
sensitive to pain and pressure. None of the theories 
concerning the function of the sinuses is satisj 
factory. In man, erect posture decreases nat^i® 
drainage of the paranasal sinuses. [e.o.SI'J 




Unsintered, as-pressed "green^^ briquet of bronze bearing metal. White areas are metallic tin 
powder; black areas are graphite; reddish areas are copper (Greenback Industries) 



Some material after sintering at 1525"F for 5 minutes in «»ndothermic atmosphere. White areas are 
undiffused tin; reddish areas are high copper, larger black areas are voids; smaller black areas 
ore graphite. (Greenback industries) 



^ 0 moterial after sintering at 1550® F for 15 minutes In a dissociated ammonia otmosphere. 

^ tnicrostructure shows large yellow-brownish eqoiaxed groins, with normal black voids through- 
^Greenback Industries) 
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Sinusitis 

Inflammation of the mucoua membranes lining 
the paranasal sinus. Abundant mucus is produced, 
which cannot drain into the nose because the nar- 
row ducts are obstructed by the swollen mucous 
membrane. Pressure rises in the sinus, causing 
pain in the form of localized headaches. The 
localization varies according to the sinus involved. 
Extension of the infection to the neighboring struc- 
tures becomes dangerous because of the close re- 
lationship to the brain. In chronic sinusitis polyps 
fan develop which protrude into the nose. | i:.we.] 

Siphonales 

A large order of green algae whi(*h are coenocytic, 
iionscptate (tubular), and mostly niaiine. Some 
rlassjfications also include in this order the Si- 
plionocladales and Dasycladales. The tubular ele- 
ments, essentially unicells, may be solitary and 
littlc-branched, as in Protosiphon (Fig. 1), or 
.iggrcgated and inti irately organized to foim thalli 
ol niai roscn|)i(‘ si/e such as Codium (Fig. 2). 
I here are 7 families and about .'10 genera. 

Just within the thin wall of the tube is a thick 
layer of cytoplasm containing numerous nuclei and 
<lisi Old chloroplasts, usuallv with pyrenoids. A 
large \dcu<de within the cvtoplasm extends the 
lull length of the thallus. 'Phe tubes may be con- 
stiicted but rarely septate, except, with age, by 
ingiowths from the lateral wall. Reprorluctive 
siriH'tuies aie often delimited by a septum. Starch 
dt { urmilates as a fofid. 



Fig* 1- Profosiphon, habit on moist soil. 



'9- 2. Codium. (o) Habit of a portion of a dichot- 
oniously bronched thallus. (b) Out-turned utricles com- 
posing outer loyer of thollus. (e) Utricle beoring 
Ocirnetangia, (cf) Fusion of anisogometes. 



Fig. 3. (o) Dichotomosiphon, showing branch bearing 

oogonia and antheridia. (b) Habit of Derbesia. (c) 
Zoosporangium and zoospores of Derbesia. (d) 
Caulerpa, habit of plant; stolonlike branches, rhizoidal 
branches and erect, featherlike fronds. 

Vegetaliye reproduction by fragmentation com- 
monly o(‘(‘urs in the complex forms. Aplanospores 
and akinetes are found especially among fresh- 
water genera such as Dirhotomosiphon (Fig. 3ff). 
Asexual reproduction by zoospores occurs only in 
Derhosia (Fig. 3fe,r). Anisogamy is the rule in 
sexual reproduction, both gametes being motile 
but different in si/e. The freshwater Uir hotomosi- 
phon is the only oogainuus genus. (Globular oogonia, 
each with a single egg, occur at the end ol special 
branches, subtended by hooked, antheridia-bearing 
branc hc'^. Hi flagellate antlierozoids are produced 
in large numbers within terminal compartments. 
The zygote becomes a zygospore and grows di- 
rectly into a thallus upon germination. Presumably 
Mieiosis occurs during gametogenesis in all mem- 
bers of the order. In the marine genera, the zygote 
germinates immediately to form a diploid thallus. 

Protosiphon, sometimes referred to the coeno- 
eylie Chlorocorralcs, is a minute green \p-*icle 
growing on damp soil, differentiated below into a 
rhizoidal extension. Aplanospores and anisogam- 
etes are produced within the vesicle. See Chi.oho- 

rOt 1 ALES. 

Phyllosiphon is a highly branched, threadlike 
thallus which grows among the leaf cells of Aru 
saema and Aiisarum. especially in the tropics, and 
causes pathological conditions. Reproduction is ac- 
complished rapidly by multitudinous aplanospores 
that are released as a green spray through atoma- 
tal openings of the leaf. 

« The Codiaceae, Caulerpaceae, and Bryopsidaceae 
have macroscopic, attractive thalli composed of 
much-branched tubes aggregated to form spongv 
or ropy strands, erect feathery fronds, or stalked 
brushes. All arise from prostrate rhizomes. 

Some forms are used as food by Oriental peoples. 
Dichotomosiphon^ forming tangled clumps on lake 
bottoms as deep as 60 ft. is an economic nuisance to 
net fishermen. Knots of it caught in the meshes in- 
duce decay when nets are spread for drying. 

Several genera such afi the fanlike Halimeda 
and Vdotea are lime-encrusted. Several fossil 
genera are known from the Cretaceous. 
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Tn Codium (Fig. 2), the tubes and out-turned 
branches end in enlarged utricles with thickened 
apices. Male and female gametangia develop as 
‘‘thumbs” on the utricles. 

In Caulerpa (Fig. 3d) the frond is a simple or 
complex plumose growth with primary and second- 
ary axes, or a flat “leaf.” The tube branchings 
within the thallus ate alternate, opposite, or radial. 
Rryopsis has a rope of axes from which pinnule- 
like branches develop to form a plume. See 
ChLOKOPII Y1 A. f G.W.P.] 

Siphonaptera 

An order of inserts commonly known as the fleas. 
These animals are of importance because they are 
bloodsucking pests of man and animals and trans- 
mit serious diseases from animals to man. 

Fleas in the adult stage are recognized with ease. 
They are small, about ^ in. in length, dark brown 
in color, laterally flattened, and with three pairs of 
legs modified for jumping. The body is more or less 
oval in shape and armed with spines and setae, 
adapting the flea for living among the hairs of ani- 
mals. The head is provided with mouthparts modi 
fied for sucking blood. 

Life history. Fleas have a complete metamor- 
phosis, that IS the life history involves four distinct 
phases, the egg, larva, pupa, and adult. Each adult 
female flea lays a number of eggs, 400 or more in 
some species, over a long period of time. These 
eggs may he laid %vhlle the flea is on or in the nest 
or sleeping place of its host. Large numbers may 
occur on mats or cushions where cats and dogs rest 
or sleep The egg, which is white and ovoid, usiiallv 
hatches in a few days into a slender, very active, 
segmented larva whith is yellowish- white in color 
and characterized hv well-defined, transverse rows 
of setae. Blood, host feces, and adult flea feces, as 
well as vegetable matter, make up the larval diet. 
The blood of the host is essential, but the larvae 
are not usually parasitic and the blood is obtained 
largely from adult flea feces. The length of time 
spent in the larval stage is highly variable and de- 
pends on conditions of nutrition, temperature, and 
humiditv, as well as the species of flea involved. 
After maturity, the larva spins a silken cocoon 
which is covered with particles of dirt and nest de- 
bris. Molting takes place in the cocoon to form 
the pupal stage, a nonfeeding, resting period which 
may last only a few days to nearly a year, de- 
pending on circumstances. The adult flea emerges 
from the pupa The life cycle of a dog flea may be 
completed in as little as two weeks under favorable 
conditions. The adult fleas, both male and female, 
feed exclusively on the blood of the host. They do 
not live on the host all the time, but visit it to feed, 
and many are found in the litter and debria of the 
nest. 

Medical importance. During the two decades 
following the outbreak of World War II, there was 
great activity in the study of fleas and the world 
flea fauna became very well known, with specialists 
recognizing about 1400 species and subspecies. The 
great majority of these are obscure ectoparasites 
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Fig. 1. Siphonaptera, various stages of the life cgcle 
of the dog flea, Ctenocephahdes cants (Curtis) (From 
E. O. Essig, Collage Entomology, Macmillan, 7942) 


of mammals, i|4d to a lesser extent birds, and du 
not affect man. Host specificity is exhibited in that 
ordinarily, a certain taxonomic group of flea** hiH 
parasitize a specific taxonomic group of hosts Nev 
ertheless, some species may leave their favored 
hosts and attack man, and these species are the 
pests and disease carriers. Bubonic plague, which 
was responsible for millions of deaths in India diir 
ing the first two decades of this century, is a di^* 
ease of rats. It is transmitted between rats and 
from rats to man by fleas, particularly the oriental 
rat flea, Xenopsylla rheopis. This is a cosmc>poh 
tan species cwcurring on rats throughout the woild 
Sylvatic plague is the term used to denote plague’ 
occurring among the wild small animals of weMcm 
United States, such as ground squirrels, chip 
munks, and prairie dogs. Although many specie*' 
fleas are capable of transmitting sylvatic plague 
human cases are rare, perhaps because man doe's 
not often come in contact with the animal and m 
sect reservoirs. Murine or endemic typhus fever 
another disease transmitted from domestic rats lo 
man by rat fleas, was of great public health signi i 
cance in southeastern United States during the 
riod 1944-1950, when thousands of cases occurie 
Tularemia, or rabbit fever, a disease of small wi 
animals, particularly of western and midwestern 
United States, may be transmitted to man bv 
However, this disease, which is not common, * 
more often contracted while skinning infected an 
mals. Flea allergy is the term applied by 
cians to the severe reactions which sometiTmPS* 
suit from flea bites. This djsease is 
major dermatological problem in Californ*®* U 



Important apodea of Slphonaptara 


Siientific name 

Common name 

Importance 

Ctenocephalides 

Dog flea 

Common household 

canis 


pest, intermediate 
host of dog tapeworm; 
readily attacks man 

Ctenocephalides 

Cat flea 

Often abundant in 

fehs 


households 

Clenopsyllus 

Mouse flea 

Cosmopolitan, common 

segnis 


on mice and rats, 
transmits plague 
among rodents 

Ceralophyllus 

European 

Infests fowl 

qallinae 

chicken flea 


Ceralophyllus 

Western 

Fowl 

nioer 

chicken flea 


thamanus 

Crround squir- 

Transmits sylvatic 

rnontanus 

rel flea 

plague and tularemia 
among rodents 

hrhidnophaga 

Sticktight flea. 

Serious fiesf of domestic 

QaUmacea 

chicken flea 

fowl 

\oHopsylliis 

European rat 

May transmit bulxmic 

fawialus 

flea 

plague from rodent to 
man 

Pulex irntans 

Human flea 

Attacks man, not as 
common ns the cat 
and dog flea, may 
Iransinlt plague and 
endemic typhus 

Funga 

Chigoe, jigger. 

Female buiniws into 

penetrans 

sand flea. 

skin of domestu ani* 


burrowing 

flea 

mals and man 

\enopnylla 

Indian rat flea. 

Transmits bulionic 

rheapis 

tropical rat 

plague and endemic 


lied 

typhus 


the urtirarlal papular eruption resulting fiom flea 
iiitcs m allergic persons is mistakenly diagnosed as 
hives and attiibuted to some food. The flea- in- 
wilved are those species that most often occur as 
househuld pests, the dog flea {Ctenocephalides 
umis), the rat flea {Ctenocephalides felis), and 
the human flea (Pul ex irritans). In tropical Amer- 
H a, a flea known as the “chigoe,” “nigua,’’ or sand 
flea [Ttmga penetrans) can penetrate into the skin 
between the toes of man and cause festering sores 
which may lead to tetanus and gangrene. The stick- 
light. or chicken flea (Echidnophaga gallinarea), 
i'* similar to the nigua but attacks the heads of 
poultry, cats, and dogs, and sometimes annoys man. 
Fleas are also intermediate hosts of cat and dog 
iape*wormh, and children may become Infected 1>y 
a< ciHcntally swallowing dog or cat fleas. 

Control of fleas. Bubonic plague and murine 
hphiib fever are controlled by measures directed 
Against rats, such as poisoning, trapping, and rat- 
Proofing buildings, and by the application of a 
DDT dust to rat runs and harWages to kill 
I'at fleas. Dog and cat fleas are resistant to DDT 
often may be controlled by applying a 4% ma- 
lathion dust. To kill immature stages, cellars and 
^outbuildings should be sprayed with creosote oil, 
living quarters should be treated with flaked 
J*aphthalene at the rate of 5 lb per room. Carbo- 
tated petroleum jelly and derris powder are helpful 
tn ridding poultry, dogs, and cats of sticktight 
In man, the nigua should be removed with a 
^f^tilized needle and the wound treated with io- 
Shoes should be worn as a prophylactic meas- 
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Fig. 2. (a) Human flea, Pu/ex irntans L. (b) European 
rat flea, Nosopsyllus fasciatus (Bose). (From £. O. Essig, 
College Entomology, Macmillan, 1942) 

uie wherever this flea is common. The immature 
stages of the nigua breed in the ground or sand fre- 
quented by domestic animals, particularly pigs. It 
may be destroyed by spraying lightly with creosote 
oil. See Insfxta. [i.io.] 

Bibliography: I. Fox. Fleas of Eastern United 
States, 1940; H. E. Ewing and 1. Fox, The fleas of 
North Amenca, IJSDA Mine. Publ. 500, 1943; C. A. 
Hubbard, Fleas of Western North America, 1947; 
(f. P. Holland, The Siphonaptera of Canada, Can- 
ada Dept. Agr. Tech. Bull. 70, 1949. 

Siphonocladales 

An order ot green algae in the phylum Chloro- 
ph>^a Perhaps the most tenable taxonomic system 
recognizes four families in this order, all marine 
and mostly tropical: Valoniaceae, Siphonocla- 
daceae, Boodleaceae, and Anadyomenaceae. Origi- 
nally, all coenocytic, septate green algae were in- 
cluded in the faniily Siphonocladaceae; most of 
the genera are now distributed among the orders 
Cladophorales, Siphonales, and Dasycladales (see 
articles on these orders). Subsequently, varying 
interpretations have combined and recombined 
genera and families. 

In the Valoniaceae the plants are essentially 
unicellular, coenocytic vesicles, spherical or 
clavate, and up to 6 cm in diameter (Fig. 1). 
However, small lenticular cells are present at the 
surface. The other families exhibit erect tufts of 
branched filaments (Cladophoropsis) , uni- or mul- 
tiseriate, or expanded blades (Anadyomene, Fig. 
2), some of which have the -branch elements form- 
ing reticulations and anastomosing networks. 
Chloroplasts are usually close or loose networks, 




with pvrfnoid*' Starch dccufnulates as food In the 
Anadvomf naceae there is an alternation of sporo 
phyte and gain(tophyte generations involving 
quadrjflagellate /oospores and hiflagcllate isogam 
etps Meiosis o( ( urs at sporogenesis In the other 
families the plants are all diploid, meiosis occur 
ring at gametogenesis See Cni okophyta | o w p ] 
Bibliography I L Lgerod An analysis of the 
si])honous Chlorophycophyta, Unit ( alif Pubis 
Botany, 25 (S) 125 451 1952, F E Fritsch, The 
status of the Sijihonocladales, I Indian Botan 
Sor 15(1)29481947 

Siphonophora 

An order of the class Hydrozoa of the phylum 
Coelenteidta, characterized by an extremely com 
plex organization of components of several different 
types, some having the basic structure of a jelly 
fish, others of a polyp The components may be 
connected by a stemlike region or may be more 
closely united into a compact organism The 
medusalike components include swimming bells, a 
gas filled float, bracts which are tough gelatinous 
bodies presumed to be protective, and gonophores 
which produce the eggs and sperms Polyplike com- 
ponents include gastrozooids with mouth and one 
long hollow tentacle, dactylozooids without mouth 
and often with one tenticle , and gonozooids which 
bear the gonophores 

Most siphonoi hores possess a float and are ani- 
mals of the open seas Best known is the Portuguese 
man-of war, Physalia, with a float as much as 40 cm 
long, and tentacles which extend downward for 
many meters These animals may be swept shore 
ward and make swimming not only unpleasant but 
dangerous Velella, the by-the-wind sailor or purple 


sail, has a flap which extends above water. Some 
siphonophores propel themselves by jets of water 
produced by the swimming bells See Collcn 
TFRATA, Hydrozoa [scr] 

Sipunculida 

A phylum of marine worms which dwell in bur 
rows, secreted tubes, or adopted shells The body 
15 greatly elongated in the dorsoventral axis As a 
result, both mouth and anus occur close together 
at one end of the body, and the alimentary tract is 
a long, twisted loop which extends ventrally and 
shows little differentiation along its course The 
jawless mouth surrounded by tentacles, is situated 
in an eversible proboscis, or introvert, which is pro 
jected by hydrostatic pressure generated by the 
strongly muscular body wall The proboscis can be 
withdrawn by special retractor muscles which are 
anchored in the trunk wall and extend to its tip 
Species that inhabit snail shells have developed 
special holding devices at their ventral extremity 
The body cavity is an extensive schi/ocoeJe which 
shows no evidenc e of segmentation but is filled with 
fluid and traversed by fibers There is also a lacu 
nar svstem of vessels foiming a ring at the base 
of the tentacles The vessels extend into the lc*n 
lades and also into one or two large sacll^e 
pollan vesic les lying along the esophagus Flu 
fluid of both systems contains abundant pink coi 
puscles with a r/^spiralory pigment hemervthnn 
It also contain^ peculiar ciliated bodies, termed 
urns, which are budded from the walls of the poliaii 
vesicles and thought to have a stirring and scav 
enging func tion Amebocytes also occur 

A pair of giant metanephndia whose ventral 
pores open to the exterior serve in excretion As 
sisted by cilia along the tube walls, the metane 
phridia expel waste filled coelomic cells calhd 
excretophores They also serve, perha^is even rnoit 
importantly, as genital canals 

The nervous system includes a dorsal brain that 
IS continuous, by right and left connec lives, with a 



Two examples of Sipunculidd (a) Dendrosioma P® 
traeum (b) Dendrosfomum pyroides (after Chomberhf*^ 



nonsegmented ventral cord which extends to the 
podiexior lip ot the worm. Frontal and nuclial or- 
gans with apparently sensory lunotions and often 
pminenled eyes also are present near the brain. 

In thi'* group of animals, the sexes are separate. 
The gonads, which arise from the coelomic lining 
near the origins of the ventral proboscis retractor 
iniisclea. release reproductive cells which mature 
( hicHy while free in the coelomic fluid. 

In early development cleavage is spiral. The 
blastopore be(*omes the mouth and an anus foims 
anew and is located dorsal ly. A free-swimming 
ti(Mhophf>re larva is formed bearing a preoral ting 
i)i small cilia, the prototroch, and a postoral ring of 
l(»nger locomotory cilia, the metatroi h. 

There are about a dozen genera, including Pha- 
,'olnsoma and Dendrostoma, with probabU mote 
I ban 200 species. Sipunrulids are widel\ distrib- 
MI are b(»t tom-dwellers, feeding 1)\ means of 
tenr«i( les and cilia on the organic matter in the iii- 
(iCNtcd mud and sand. .See CLFAVAf.h, iMRK\oNir ; 
S Hi/ofon a; see also Clli unfa(.l. | f.a.b ] 

Siren (acoustics) 

\n appanitiis toi geneiating sound bv the median- 
nai inleiruplion ol the flow of fluid (usualU air) 
1)> a pcifotalcd totaling disk or c\Iitulcr. The disk 
iiia\ })c so shaped that the fluid under piesMjre 
causes the disk to rotate, or converscl>. the lotatjon 
i)t the <Iisk iiid\ cause the flow of the fluid The re- 
‘iiJtmg frequency is the product of the speed of 
loiation ot the disk hy the numbet of perforations, 
Niiinds of predetermined frecpienc’y ratio cun be 
had fioin simultaiieoim use of two or more royis ot 
holes in the same disk ; this feature was exploited 
in caiU expcuiuients on musical tones. Before the 
adeenr of the jet engine, the siren was the most 
powerful of man-made steady sound soimes, and 
as such it found application to fog signaling and 
a** an emergency warning signal. I h w.y. ] 

Sirenia 

\n Older of mammals, popularly called sea c'ows, 
diat are adapted to aquatic life There are two 
iScricTd of living sirenians. the manatees (Trirhe- 
f'hits) of the Atlantic basin, and the dugong (0/?- 
) of the Pacific' and Indian Oceans. Fossil re- 
mains of several other genera are known from 
diious parts of the world. Sirenians were already 
''P»*c lali/ed for aquatic life in the Eocene, and the 
modern forms are almost as modified as the whales. 
Tlie hocJv is torpedo-shaped, the front limbs are 
fl*ppeilike, the hind limbs are completely absent, 
and the tail is in the form of a broad horizontal fin. 

ribs and limb bones lack a marrow cavity and 
ar** I'eniarkable for their extreme density. Sirenians 
are strictly herbivorous. Their closest living rela- 
hves ate believed to be the elephants. Sec Mam- 

[d.d.d.] 

^•■enia fossils 

representatives of this order, like the living 

virere large, ponderous animals completely 
® apted to aquatic life. From Prorastomus (Eocene 
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Coribosiren, Oligocene dugong from Puerto Rico, 
(a) Side view of the cranium (b) A rib. 

oi IdiTidica) and Piotositen and Eotheroides (Eo- 
tene of Egypt) to the liiing Trirherhus (manatee) 
and Pu/^oNf' (sea row), sircmians are c'harac-terized 
b\ 1 eduction of hind limbs, c'orrelated with a 
4 hange to fish-shaped bodies, and by development 
of paddlelike fioni limbs. They have very heavy and 
nijssnc* bone's, esjieciallv I he ribs, and low-eruwned. 
gc'iieralh bilophodoiit check teeth. Late** forms 
lend to ha\e reduced niiiuhers of simplified teeth, 
'fhe recently exterminated HydrodainaJis of the 
Bering Islands had no funitional teeth. Throughout 
most of thc'ir histoiy sirenians seem to have pre- 
ferred shallow, blackish water habitats suc'b as es- 
til «nf's and lagoons, allhoiigli some fossil forms 
have been found in deposits representing former 
open-scd rc'pfs and shelf areas. 

The two principal groiijis of sirenians that are 
distinguishable in the Jalei Ceno/i»ic are the Pac ific 
and Indian Oc'ean Dugongidae, with strongly de- 
flected rusiiom and greatly reduced dentition, and 
the Atlantic Triclieehidae, with litllc'-deflccted ros- 
Iruia and bilophid cheek teeth. These families are 
not distinguished with eeitainty in I he early Ter- 
tiary iossiis. Diigongids show a wider distribution 
than manatees; for the fossil dugongids Halithe- 
rium^ Halianassa^ Felvnothenum. and others are 
known from Tertiary marine rocks in Africa, Eu- 
rope. and the Americas. Dugongids may have had 
muc’h of their evolutionary development in the 
DIfestern Hemisphere but are now restricted to the 
Eastern Hemisphere. Fossil forms of unquestioned 
trichechid affinity like Ribodon, Potamosiren^ and 
Trichechus are known only from the upper Miocene 
and Pleistocene rocks of the Atlantic border of the 
Americas. 

Sirenians represent an early Eocene, or earlier, 
differentiation from a land-mammal group that was 
also ancestral to Proboscidea, Desmostylia, and 
perhaps Perissodactyla and certain enigmatic or- 
ders of large extinct mammals in Africa and South 
America. See Desmostylia; Perissodactyla fos- 
sils; PrOBOSCIDEA fossils. [D.E«Sa] 
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Sirius 

Alpha Canis Majoris, the brightest star visible from 
Earth. From the Northern Hemisphere, Sirius ap- 
pears in the south in midwinter. Its apparent mag- 
nitude, —1.5, makes it a rival of the planets in 
brightness. Its distance, 2.7 paise(*s, makes it the 
sixth nearest star to the Sun. Absolute magnitude 
■fl.4 and spectral type A1 are representative of 
early type A stars, with an effeitive temperature 
near 10,000°K, strong h\drogen lines, and large 
Balmer continuous absorption. Special interest at- 
taches to the system of Sirius because of the close 
companion, of the ninth magnitude (more than 10^ 
times fainter) the white dwarf « CMaB. The 
period of the binary system is 50 years, the mass 
of a CMaA is 2.28 MO, that of o CMaB, 0.98 MO. 
Stais of solar mass usually have spectral type C, 
and yellow color, but a CMaB is bluish and is re- 
ported to show hydrogen lines; that is, it is hotter, 
and much smaller than our Sun. The temperature 
and radius of a CMaB are uncertain. The theoreti- 
cal radius is onlv 5900 km, as contrasted to that of 
the primary, which is about 10® km. Sre Star; 
Wnm DWARI- STAR. fj-l-CR.] 

Sirocco 

A southerly or southeasterly wind current from the 
Sahara or from the deserts of Satidia Arabia which 
occurs in advance of cyclones moving eastward 
through the Mediterranean Sea. The sirocco is most 
pronounced in the spring, when the deserts are hot 
and the Mediterranean cyclones are vigorous. It is 
observed along the southein and eastern coasts of 
the Mediterranean .Sea from Morocco to Sviia as a 
hot, div wind capable of carrying sand and dust 
great distances from the desert source. The siiocco 
is cooled and moistened in crossing the Mediter- 
ranean and produces an oppressive, muggy atmos- 
pihere when it extends to the south * oast of Europe. 
Rain which falls in this air is often discolored by 
the dust or sand which is precipitated along with 
the water drops Under sunny conditions, the si- 
rocco ( an produce temperatures in excess of 100°F 
in southern Europe. Various other names are used 
to denote the sirocco in specific localities, such as 
khamsin in Egypt. See Air ms^s; Wind. |f.s.] 

Sisal 

This plant, df^ave sisalann, is a species of the Ama- 
ryllis family ( Amaryllidac eae) and a native of 
Mexico and Central America. The best supply is 
produced in Yucatan, where it is known as hene- 
quen. It is also grown in Florida, Central America, 
the West Indies. East Indies, Hawaii, and Africa. 
It is very drought-resistant and will thrive in habi- 
tats too arid for other species in this plant family. 
Little cultivation is required. The leaves contain 
I'oarse, stiff, yellow fibers which are removed by 
hand or by means of a coarse rasp. After cleaning 
and drying, the fibers arc baled for shipping. This 
fiber is used in making sisal binder twine, for rope, 
for bristles of inexpensive brushes, and as a sub- 
stitute for horsehair in upholstering. Sisal may be 



Leaf spot of sisal caused by ColleMnchum agaves 


mixed with hemp, but it is not used for ship cordage 
because it disintegrates in salt water. A large 
amount of sisal fiber is imported into the United 
States from Mexico and the East Indies. | p.d.s | 
Diseases of sisal. Sisal is subject to two bole 
(stem) n>ts. Aspergillus niger has been associated 
with one which is a soft wet rot. The other, a drv 
rot, has been attributed to Fusarium soluni. The 
fungus enters through the exposed base of hai 
vested leaves and spreads inwardh. ^ 

Leaf spots arc caused by the fungi Microdiplodw 
agavesy Marssonimi agateSy and Colletotnchiim 
agaves. 

Nutritional dkli'ases include leaf banding, chio 
rotic leaf spot, and tip withering and mottling 

The cause of the destruetbe “red rot” disease is 
suspected to be a viius {sec Plant virus). The fi 
her of the closely related plants A. fourrroydes and 
A tantala is sometimes called sisal fiber, these 
species die affected bv many c)f the above diseases 
See Liliaiis; Pi ant disfasl. | i.f si | 

Size reduction 

That operation in which a body of matter is di\ided 
into smaller bodies. The term is generally appln a 
ble to solid matter, but it may be applied to liq 
uidb and gases under some conditions. Theie is a 
companion term, sire enlargement, which invobes 
the creation of larger pieces by bonding together 
small pieces or by adding new material to small 
pieces. For information on other processes see 
Crystallization; Extrusion; Sintering. 

Applications. Size reduction methods are u.sed 
on quarry rock employed in roadbuilding; on oie to 
facilitate separation of the valuable ore particle** 
from gangue; on coal so that it will be easv t(» 
handle and burn; on minerals such as cement raw 
mix or phosphates so as to create uniform mixtures 
which can react chemically ; on pigments and fillers 
to provide smooth paints of good hiding power; on 
grain so as to improve product texture; on chenii' 
cals to facilitate handling, reactivity, or mixing. In 
the liquid and gas phases, size reduction covers 
emulsification, aerosols, and gas dispersion. 

In function, size reduction creates a particulate 
group in which the maximug:i particle size, the m 
face area, or the size distribution may be impnt 
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Fig. 1. Dimensions of particles. (From R. E. Kirk and 
0. F. Othmer, eds.. Encyclopedia of Chemical 7ec/i- 
nology. Interscience, 1956) 


lant. To achieve the desired end in any product, 
equipment needs to he chosen, its manner of opera- 
tion set, and the cost of energy and of maintenance 
considered. At times the product may be injured 
h\ contamination developing during the operation. 
Particle size measurement. The individual par- 

ti( Ic is a unit generally held together by molecular 
forces in a compact state. It may be heterogeneous 
and may contain different ciystals closely joined, it 
ma\ be an essentially continuous phase within 
which are pores or particles, it may be a crystal, or 
It may be a glass. A particle should be distin- 
guished from an agglomerate, in which a ii*'mber 
of individual particles are more loosely bonded to- 
gether. These may range from lumps of clay or 
dried filter cake particles, to lightly sintered metal 
powders. There is a border area in which it is diffi- 
cult to make a distinction between particles and 
agglomerates. This difference and the significant 
shapes and dimensions of the individual particle 
are shown in Fig. 1. Because of the nature of the 
individual particle, it is generally difficult to assign 
It a true diameter and consequently almost im- 
possible to calculate its surface area. There are, 
however, properties which can be measured tQ de- 
fine a diameter or to yield surface area. For exam- 
ple, a particle that is not too long will upend and 
pass through a square screen aperture with its 
intermediate and small dimensions controlling sepa- 
ration ; or a particle will settle in a fluid at a defi- 
nite rate based on its weight and its surface re- 
’'istance, from which the diameter of an equivalent 
'sphere can be calculated. Likewise, surface area 
*^ay be measured directly, for example, by adsorp- 
tion ; or it can be calculated from a diameter. It is 
important that the criterion for measurement be 
stated when particle size values are given, for there 
^re substantial differences between these measure- 


Being relative, they still make it possible to 
precise work and to draw valuable conclusions 


''Within these limitations. 

The particles in size reduction occur as a granu* 
or powdery mass containing a large number of 


Methods of particle size measurement 


Test method 

Approximate 
useful range 

Property measured 

Sieves 

Microscope 

A few inches 
to .50 

microns, p 

Distribution of particles 
by weights in sieve 
ranges, sieve aperture 
controls passage of the 
small cross section of 
particle 

Distiibiilion of particles 

Visiltle iiffhl 

100-0 3 m 

by measurement of each 

I ntruvioiet 

100-0.0.5 M 

particle, any one of sev- 

Electron 

100-0.00.5 M 

eral measured diameters 
usually misses the 
shortest 

Elutriation 

Sedimentulion 

100-5 M 

Distribution of particles 
by separation acc'ording 
to settling rate in fluid; 
rei'overed fractions may 
also be measured in size 

Ileaular 

50-1 M 

Distribution baseil on set- 
tling in fluid medium 

Onirifugul 

50-0.1 M 

No recovered fraction 

lillrai enlri- 
fuge 

Molecular 

Diameter based on 

Stokes' law for eciui va- 
lent sphei es or on a com- 
posite of forces in ultra- 
centrifuge 

Turbidimeter 

.50-0.3 M 

Sui face urea function 
directly; with sedimen- 
tation, yields distribu- 
tion based on surfaie- 
settling rate 

Sorption 

50 M to finest 
sizes 

Surface area by direct 
measurement 

Permeability 

A few hun 
dred p to 
fractional p 

Surface area or a calcu- 
lated surface mean 
diameter from measure- 
ment of a voids/surface- 
resistance relation 

X ray 

1-2 p to 
several hun- 
dredths 
micron 

An average crystal diam- 
eter by x-ray 
diffraction 

Electron 

50 p to frac- 

Distribution of particles 

counter 

tional p 

by frequency for a func- 
tion of cross section 


individual particles, agglomerates, or both, usually 
in a wide range of sizes. Accurate measurement 
utpt'nds on taking a representative sample and re- 
ducing it to a measurable amount without impair- 
ing its representative nature and then, using statis- 
tics, evaluating it to secure reproducible results. 
The results desired may be a maximum surface, a - 
maximum diameter, or a distribution of sizes by 
numbers of particles or weights of material occur- 
ring in each size range measured. The chief meth- 
ods are listed in the table. 

Particle size data obtained from some of these 
methods of test may be represented in units of sur- 
face area, such as square meters per gram ; or data . 
may be simply converted to an equivalent average 
diameter, such as a surface mean diameter of x 
microns. More significant information is available 
in the distribution of size. This may be expressed in 
numbers, such as that diameter at which 10% by 
weight of the total sample is larger and 90% 
smaller. The data can be plotted graphically in 
terms of cumulative per cent oversize against the 
corresponding sizes. Such typical curves are shown 
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Fig 2. Particle size distribution curves for typical cement; 6, mineral fillers, 7, pigments. (From R E 

materials. Curves: 1, coarse aggregate; 2, fine aggre- Kirk and D. F. Othmer, eds,. Encyclopedia of Chemi- 

gate; 3, filter sand; 4, powdered coal; 5, portland cal Technology, Interscience, 1956) 

in Fig. 2. A plot of the of ^urh an S < iirv«* Processes and devices. Well-known metal- and 

yields a modal curve wherein the per cent in each wood-working devices give some control in si/c rc 

unit of diametei is plotted against that diameter. dnction. Examples are cutters, sheais, slitteis files. 

Both Ut>es of fur\e aie hasii and independent of grinders, saws, shaving machines, turning device^, 
the dianieteis of measiiiemenis. provided that an milling equipment, and (hippers. Decorlii atiftp 
adcffiiate set of siu'h points is en]plo\ed. On the machines for removing hulls from grain ate in this 
other hand, there aie in the literature some decep- categorv of controlled functional operation. So, too 

the (utves based on aibitiary and variable inter- are shot towers and flakers Flaking ma\ be done on 

vals. When cumulative per < ent undersize is plotted a drying belt oriin chill rolls. Extrusion and sintei 

against the reciprocal diameter, the area beneath ing are operations used for (‘ontrolled sl/e enlarge 

the ciiive represents surface; when per cent per ment. 

unit of diameter is plotted against logarithm of Othei methods permit less control of product si/c 
diameter, a similar surface value results These are or of range of sizes. One technique consists ol 

respof tivelv the (rates and Roller diagrams. shattering b> thermal shock. For examt»le, a ral- 

One objr’ct of grinding is to produce mateiial in cined oie, while still hot, may be quenched in vv titer 

the desired particle sizes. Tf a maximum size is im- so that the shrinkage stresses cause rupture. Thi'^ 

poitant. some control such as a sieve or a classifier action is greater on larger pieces than it is «»n fine 

is employed to letiirn oveisi/e to the mill and to particles. Theimal shock does, however, have a 

accept onlv undersize in the product. If freedom place in fine pulverization if the unit tmiticlcs c»f a 

from fines is important, onlv a limited contrcd is mass are small and the bonds cementing the par 

possible, since particles normally fracture into a ticles arc weak. The effect of the shock is still 

random gioup of si/es. This has been the subject greater if the bonding lavers are transformed oi 

of statistical stiid> b\ several workers, hut no weakened by the heat so as to be subject to the 

single theoretical tieatment has been generally attack of water. Another tecdinique consists of 

accepted. Properties and preparation of the feed, superheating wet material in an autoclave and 

the kind of mill action, the prevention of over- suddenly releasing pressure, (»iain is puffed and 

grinding b\ classification, and recirculation all play wood is explosively disintegrated into its fibrous 

a pat t. Usually it is unprofitable to remove the fines structure in this treatment. Equipment for ev 

and reject them, though this is sometimes neces- plosive shattering is illustrated in F'ig. 3. 

saiv and lustified. Sprays are employed for breaking a fluid stream. 

Energy requirements. Energy requirements are with or without contained solids, into droplets ol 

important because of their bearing on cost of grind- generally controlled size. Such droplets mav he 

ing. It is usually difficult to separate the useful dried to solids (see Drying): they mav be corn- 

work fioni the necessatv effort incidental to run- hiistible, and when mixed with air may form a 

ning a grinding operation. One theory relates nec- smoothly burning mixture; or they mav be molten, 

essary energy to the production of new siirfac-e and and when cooled or quenched vield fine particle?*' 

another to the work done in deforming a particle such as some commercial metal powders, free- 

to the point of fracture A third relation recognizes flowing salts, and the like. 

both factors and is intermediate between them. A specific class of devices is known by the term 
Energy requirements increase greatlv in the pro- colloid mill. These devices employ sharp sheai 

duction of fine products and often limit the war- gradients in a fluid mediunf to rupture solid p*** 

ranted size reduction. ticles which are generally friable, to break do'W** 



feed 



Fig. 3. Sectional diagram of explosive-shattering ma- 
chine. (U.S Bur. Mines, 402, 1938; from J. H. Perry, 
ed.. Chemical Engineers* Handbook, 3d ed., McGraw- 
Hill, 1950) 

outlet 





f'9- 4. Charlotte colloid mill. (From J. H. Perry, ed.. 
Chemical Engineers* Handbook, 3d ed,, McGraw-Hill, 
1950) 


•tistilomerales, and to create emulsions or to make 
lilt* suspended liquid droplets finer. Because of the 
the contact surfaces are subject to wear 
^roni the more abrasive particles. When they are 
1(» break emulsions into finer particulates, they 
called homogen izers. Colloid mills (Fig. 4) 
snierally contain a rotor in a stator ring. The shear 
developed in li(|uid pumped across these closely 
spaced faces. Static devices may also be used; a 
Partly cloaed valve through which feed is pumped 
simple type. See Classification, mkchani- 
Crushing and pulverizing; Grinding; 
forming; Unit operations. [l-t-w.] 
^^^liography: J. M. Dalla Valle, Micromeritics, 
^ T ethnology of Fine Particles^ 2d ed., 1948; 
'• Herdan, Small Particle Statistics^ 1953; R. E. 
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Kirk and D. F. Othmer (eds.). Encyclopedia of 
Chemical Technology^ vol. 12, 1954; .1. H. Perry 
(ed.). Chemical Engineers' Handbook, 3d ed., 
1950; C. T. Work, Size Reduction, Ind. and Eng. 
Chvm., Chem, Eng. Revs., 51(3), pt. 11:395-396. 
1959. 

Skarn 

A rook term generally re.served hir rocks composed 
entirely, or almost .so. of lime-bearing silicates, and 
derived from nearly pure limestones and dolomites 
into which large amounts of silicon. Si ; aluminum, 
Al: iron, Fe; and magnesium. Mg, have been in- 
troduced. See Metamorphic rocks; Pneumatol- 
YSIS. 

Skarn is an old term in mining, and was origi- 
nally used by Swedish miners to designate dark 
silicate minerals occurring in seams or masses 
adjac'cnt to an ore-bearing vein. Now it is applied 
to a coarse-grained rock or Hsso<*iation of minerals 
formed by reaction between hot silica-rich .solu- 
ti<ms f»r acid gases and a limestone or dolomite. The 
reaction rock is made* up of coarse masses of min- 
erals of various kinds, depending upon the tem- 
perature and the rompositiim of the reacting gases 
or solutions. The most important skarn minerals 
are andradite-garnet. hedenbergite-diopside, iron- 
rich hornblende, and actinolite-tremolitc. Various 
ore minerals, oxides, and sulfides, as well as fluo- 
rite. often occur in connection with skarn. The 
common occurrence of fluorite, CaFs, supports the 
idea that silica and metal halogenides have reacted 
in the limestone. Thus the formation of andradite 
may be explained as follows; 

2FeF3 -|- BSiOs H- fiCaCOs — > 

Cail’e2Si30)2 "b 3CaF2 "f* 6 CO 2 

Andradite Fluorite 

Not only arc fluorides active, but also chlorides 
may be introduced, in which case CaCIa is formed 
and reacts with formation of sea polite. Large 
ma.sses and dikes of srapolite are common in many 
skoirn rocks. 

bxidic ore is very common in skarns and forms 
in many places useful deposits of skarn ore. Ore 
formation will take place especially if silica is not 
introduced: 

2 FeF 3 -f- 3CaC().T — > Fe*jO;{ + 3CaF2 + 3C02 

Thus were formed, for example, the famous hema- 
tite de|M>sit.s in Elba containing large ma.sses of 
andradite phis the calc-iron silicate lievrite at the 
contact between granite and limestone. Among 
other cla.ssical contact deposits with skarn forma- 
tion are those at Campiglia Maritima. Tuscany; 
Banat, Rumania; Franklin Furnace. New .Jersey; 
and Clifton-Morenci, Arizona. See Orf. and min- 
eral DEPOSITS. Ft.f.w.b.] 

Skeletal system 

Those vertebrate structures composed of bone, car- 
tilage. or a combination of "both which provide a 
framework for the animal body and serve as Nt* 
taehment for muscles. Relative movements of bony 
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parts are permitted by the joints (articulations) 
between them. Although the skeleton of verte- 
brates is characteristically internal (endoskele- 
ton), many species also possess external or exo- 
skeletal structures of bony or horny material 
to provide support or protection, as the shell of the 
turtle. Such exoskeletal structures and theii deriv- 
atives comprise the dermal skeleton. Invertebrates 
which possess skeletal structures have an exoskele- 
ton composed of chitin. 

EMBRYOLOGY 

Bone is one of the ctmnective tissues which as a 
major histological subdi\ision is characteri/ed by 
the presence of cells specialized to ptodnee an in- 
terc elliilar substance. The histologi(*al classifica- 
tion of connective tissues is based mainh upon the 
character of the intercellular substance, although 
the cells of eac*h type of tissue are also distinctive 
Osseous tissue is distinguished bv its hard, imper- 
meable matrix through which the cells maintain an 
intric ate canalicular system. See Bonf 

Skeletal histogenesis. All connective tissues, 
including the osseous variety, are derived from 
the mesodermal germ layer. In earl\ embryonic de- 
velopment iiist prior to the appeal ance of skeletal 
aniage, the mesoderm is distributed both com- 
pactly as well-defined paraxial columns (somites) 
and lateral plates, and diffusely as a syncytium, 
the mesenchyme. The vertebrae originate from the 
somites, but most of the skeletal elements of the 
head, girdles, and limbs arise locally from the 
mesenchyme The first step in the histogenesis of a 
skeletal element involves an intensive proliferation 
of mesenchvmal cells at sites of prospective bone 
centers At thi^ preliminary stage, though consist- 
ing simply of cc»mpact]y arranged mesenchymal 
cells, each model in external fcjrm and relative 
position approximates its definitive derivative (see 
CoNNFrTTVi- Tissiii ) The sec'ond step in the histo- 
genesis of skeletal elements involves the differentia- 
tion of mesenc hyme into c artilage or bone In either 
case, mesenchymal cells on the surface of each 
skeletal element differentiate into a sheet of fibro- 
blasts The latter elaborate collagenous and elastic 
fibers that are woven into a snug-fitting sleeve called 
the hbroijs perichondrium if it covers cartilage or 
peiiosteiim if it covers bone. In instances where 
skeletal elements are ai ranged end to end as in the 
limbs or vertebral column, the fibroelastic invest- 
ment is continuous fiom one element to the next in 
the series; thus, at sites of articulation the sleeving 
constitutes a loint capsule 

Joints The fate of the mesenchyme within a 
joint may be con elated with the degree of move- 
ment of the developed loint. The mesenchyme re- 
tains its original delicate syncytial character in 
the j’oints whic h are presumptively freely movable 
I the diarthroses). By the time such a joint is sub- 
jected to movement, its mehenchyme has differen- 
tiated into a synovial membrane that secretes a 
small amount of fluid and forms a lining on all as- 
pects of the joint interior except the articulating 


surfac'e. which remains cartilaginous throughout 
life. At the sites of the presumptively immovable 
joints (the synarthroses), the mesenchyme differen- 
tiates into a dense fibrous connective tissue (syn- 
desmosis), a fibrous or hyaline cartilage (syn- 
chondrosis), or into bone (synostosis). An 
amphiarthrosis is a partially movable joint which 
has a minute joint cavity supported bv a dense cov- 
ering of fibrous connec'tive tissue or fibrocartilage 

Mesenchyme differentiation. The mesenc*hymal 
model may differentiate into cartilage and remain 
cartilaginous throughout life as in the case of the 
entire skeleton of elasmobranchs, oi it may differ- 
entiate directly into bone by a process called in 
tramemhranoiis or membrane bone formation. The 
so-called dermal bones that form, for example, the 
roof of the cranium in the bonv fishes and in all 
higher vertebiates are derived exclusively by in 
tramembi anems ossific^ation Incidentally, the mem- 
brane bones may be legarded as part of an extei- 
nal skeleton, which also includes various scales of 
epidermal origin, and serves to protect the animal 
from the exterior as a sort of biological suit ol 
mall As a third alternative in the histogenesis of a 
skeletal element, the model mav diffcTcntiate into 
cartilage which subsecpiently is gradually le 
placed bv bone, a procM*ss called endochondial T>r 
intracartilaginoiis osbific'ation See Scaif (/ooi 
ogy). 

Formation of osseous elements The majonty 
of the osseous elements of the vertcdiiate endoskel 
eton are formed bv a c ombination of the intramem 
branoiis, or periosteal, and endochondial pnu 
esses Therefoie, to describe bone formation in 
somewhat more detail, the development of certiin 
long bones of a mammalian limb will be c'onsid 
eied. All major ossification centers are established 
bv the same sequence of events. Following their 
differentiation from the mesenchyme, chondio 
blasts first pioliferate intensively for a brief period 
and thereafter show progressive maturation 
c’hanges among which are enlargement and the 
elaboration of glycogen and alkaline phosphatase 
Next, the matrix about the mature chondroevtes 
undergoes calcification, a change followed by dis 
integration of the sealed-off cells. The empty chain 
bers (lacunae) are invaded by a capillary bud 
which carries with it bone-forming (osteogenic) 
and blood-forming (hematopoietic) cells. The os- 
teogenic cells, called osteoblasts, apply themselves 
to the calcified cartilaginous walls of the lacunae 
and proceed to elaborate bone matrix, ossein. Even 
before a colony of osteoblasts is established at the 
center of the cartilage model, an osseous “waist- 
band** appears that represents the product 
activity of the perichondrial osteoblasts which sub- 
sequently become the periosteal osteoblasts. The 
waistband of periosteal bone thickens and widens 
toward the bone ends, and simultaneously the endo- 
chondral ossification center spreads toward the 
ends. A leserve of chondroblasts near one or but 
ends of the growing bone by continuous prolifr^“ 
tion maintains a cartilaginous front against -he 



invading files of osteoblasts. This cartilaginous 
disk, called the epiphyseal plate, is present 
throughout the animars growth period ; in fact, its 
presence is indicative of the bone’s capacity to 
grow in length. It is important to understand that 
the normal epiphyseal plate represents a kinetic 
balance between the mitotic rate of the reserve 
r.hondroblasts and death rate of the enlarged 
chondrocytes in the zone of calcification (Fig. 1). 
It is only by invading the spaces created by disin- 
tegration of the chondrocytes that osteoblasts can 
add osseous matrix to the length of the hone. Un- 
calcified cartilage has the consistency of firm jelly 
and yields to gn»wth pressures. Thus, though sur- 
rounded by matrix, the chondroblasts can increase 
both in number and in size. Such a process, by 
which a structure increases in size from within, is 
known as interstitial growth. Osseous matrix nor- 
mally is mineralized soon after deposition and as 
mich is as rigid and impermeable as concrete. 
Thus, new bone formation can take place only by 
uppositional growth, or growth on a surface such 
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as that provided by the empty cartilage lacunae or 
on the trabecular surface as indicated in Fig. 1. 
Once imbedded in the mineralized ossein, the cells 
can neither proliferate nor enlarge. The term os- 
teocyte applies to the imbedded bone cells, whereas 
osteoblast refers to the free, actively osteogenic cell 
on the trabecular, endosteal, or periosteal surfaces. 
Although imbedded, the osteocyte, by a fine cana- 
licular system that ramifies through the matrix, 
maintains a life line for metabolic exchanges with 
the regionab usually Haversian, blood vessels. In 
contrast to bone matrix, uncalcified cartilage ma- 
trix without a canalicular system is permeable 
enough to satisfy the metabolic needs of the chon- 
drocytes. 

Ossification centers. Although the sequence of 
cellular activities is the same at all centers of en- 
dof*hondral ossification, wide variation is encoun- 
tered in the growth rate and duration of activity at 
each center. Such variation is reflected in the size 
of each center’s contribution to the formation of 
the skeleton. The shaft or diaphyais of a long bone 
such as the femur is formed from a single center 
called the diaphyseal or primary or main center; 
the ends of the femur, the head and condyles, are 
formed from separate centers called the secondary 
or epiphyseal centers, proximal and distal, re- 
spectively. The diaphyseal center of a given long 
bone is established much earlier, grows more rap- 
idly. and ceases activitv later than the small epi- 
physeal centers. Though adjoining the epiphysis, 
the epiphyseal plate “faces” the diaphyseal cavity 
and contributes to the length of the diaphysis only. 
A bone’s period of growth in length ends with clo- 
sure of its epiphyseal plate or plates. The time of 
epiphyseal plate closure, as well as the time of ap- 
pearance of diaphyseal and epiphyseal centers, is 
characteristic for each bone. This information has 
been c<>m|)iled in detail for the skeletal system of 
man and the common laboratory animals. It con- 
stitutes a chronology of events in the ossification 
of the .skeletal system and a basis upon which skel- 
etal age determinations may be made, information 
which is often u.seful as a diagnostic procedure in 
certain thyroidal disorders of infants and children. 
Skeletal aging has also been used to evaluate the' 
skeletal maturation-promoting effect of certain en- ^ 
docrine factors such as thyroxin and the steroid 
hormones. 

Endocrine and dietary factors. A number of die- 
tary and endocrine factors have a pronounced ef- 
’ feet on the skeletal system, especially during 
periods of rapid development. The growth hormone 
of the pituitary gland is the most effective skeletal 
growth-promoting agent. Thyroxin is the most ef-' 
fective skeletal maturation-promoting agent. The 
.sex hormones, especially testosterone, are moder- 
ately effective in promoting both growth and matu- 
ration of the skeletal tissues. Parathormone pro- 
motes bone resorption. Vitamin A has an effect 
similar to that of parathprmone, vitamin C is nec- 
essary for the formation of ossein, and vitamin D is 
necessary for the proper mineralization of ossein. 
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Furthennore, the dietary level of proteins, calcium* 
and phosphorus must be above a certain minimal 
level for proper bone formation. See Parathyroid 
cland; Thyroid gland. 

MORPHOGENESIS OF THE SKELETON 

Axial skeleton. The notoc hord represents the 
. most primitive form of axial support and may be 
regarded the most constant and characteri<»tic 
feature of the vertebiates. In Amphwxus and the 
cyclostomes the notochord forms a permanent 
structure, essentially a rather stiff but elastic rod 
lying ventral to, and coextensive with, the neural 
tube. In all higher vertebrates the notochord is 
supplanted bv the vertebral column. 

Vertebral (olumn. Though enormous diversity is 
encoiinlered in the stiucture of vertebrae of differ- 
ent species, all vertebrae are homologous The basic 
plan in the formation of the vertebra is clearly 
demonstrable in elasmobranchs. From its ventro- 
medial aspect each somite gives forth a mesoblastic 
growth that establishes a platelike structure, the 
sclerotome, over the lateial aspect of both the noto- 
chord and neural tube. In the course of develop- 
ment the posterior half of each sclerotome takes 
on a more dense arrangement and so is differenti- 
ated from the anterior half F'ach half bec’omes 
further subdivided into dorsal and ventral aicualia. 
In elasmobranchs the pair of arcualia that appeals 
in the denser posterior half of the sclerotome, 
known as the basidorsal and basiventral basalia, 
has a larger share in the formation of the vertebra 
than the anterior pair, the interdorsal and inter- 
ventral interbasalis (Fig. 2). Thus, the basidorsal 
forms the neural arch and the basiventral, the 


transverse process. The centra are formed as meso 
blasts from the basalia bilaterally invade the noto- 
chordal sheath to establish intersegments! ringb 
These thicken at the expense of the notochord and 
together with the neural and hemal arch, undergo 
chondrification. At segmental levels the notochord 
persists and, in fact, indents the ends of the centra 
which, because of their biconcave shape, are said to 
be of the amphicoelous type. 

In the bony fishes and tetrapods, considerable 
variation is encountered in the particular contribu 
tion each of the four pairs of arcualia makes to the 
final product. Perhaps the ndk^st c'onsistent contribu 
tion is that of the basidorsals to neural arch forma 
tion. Some of these variations may be discerned in 
Fig. 2. The degree to which the interbasals par- 
tU ipate in vertebral formation is often reflected in 
the shape of the definitive centrum. The amplu 
coelous type, characteristic of elasmobranchs, is 
also found in the amphibians of strictly aquatic 
habitat. In Anura intervertebral rings, presumablv 
derived from the interbasalia. completelv crowd 
out the notochord and subsequently fuse with the 
basalia derivative in front or behind to form rc 
spec lively a procoelous or opisthocoeluus t>pc of 
centrum. In most reptiles the centra are of the jg-o 
coelous type; in birds they are heterocoelous (sad 
dle-shaped) ; and in mammals the acelous, or flat 
surfaced, type occurs. Since contour of the ends of 
the centra del^iiines the shape of the interverte 
bral joints, the teims used to describe the ccntia 
are also used to describe the intervertebral loints 
Tail The formation of the caudal vertebrae fol 
lows the plan outlined for vertebiae in general 
Some modifications do occur; for instance, in elds 
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Fig. 2. Proportion of the vertebra formed by dermal Comparative Embryology of tfle Vertebrates, Blokator 

bone and each of the arcualia. (From O E, Nelsen, 1953) 
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and the bowhn, Amia, two vertebrae 
develop muscle segment, a condition known as 
j,ldospond\ly That is, two centra and a duplicate 
sPi of dorsal and ventral acualia correspond to one 
pdjr ol myomeres and spinal nerves The original 
single set (»f basalia lengthens, then divides irans- 
^(isplv Thereafter a centrum forms in relation to 
ea< h new set of basalia Diplospondviy fai ilitates 
Imhing the tail from side to side, the movement bv 
v^huh fish propel themselves Rib processes are 
rfdiH ed or absent on ( audal vertebiae, but tlie ver 
ridl or hemal arches derived from the basiventials 
an well developed and serve to protect the caudal 

\l sst Is 

viinum \ true sternum, which dexolops only m 
iht higher vertebrates is of paired origin and is 
(loselv associated with the ventral end of the ribs 
if not dituallv derived finm them It belongs to the 
i\nl rather than to the appendicular skfbton 
The sicnmim ol modem Amphibia hd" become see 
orid iiilv isolated a change associated with the ie 
diKlion of the ribs Tn mammalian development 
the ptiiriordia of the sternum fii^t appeals mde 
pendent of the iibs as a pair of meseio livmal sUr 
nil hands The bands serondanlv cstalilish con 
timiitv with the rib blastema and move toward the 
venlioniedian line where thev de*velc»p centers of 
( honcliific dtion and fuse with one dnc»thei The por 
lion of the steiniim attached to the iibs is called 
tin mfsosteinum rostral to which is the pre cu 
episteinum and catidad is the rneta or Mphisici 
niim Fach cartilaginous segment of the mesoster 
riijin known as a sternabra develops a ng* * and 
Ic ft ( elite r of ossification 

Ihf inanuhrium or uppermost piece of the ster- 
iiiiin IS usuallv ossified from three centers the 
hodv of the sternum from the seveial steinebral 
unters and the xiphisternum from a single center 

Hfhs Although absent in the Amphioxus and the 
colostoines ribs occur in all other veitebiates 
I wo vaiieties called dorsal and ventral or pleural, 
mIk are distinguished Both types develop as rod 
like extensions from the basiventral arcualia into 
the transverse septa (in>ose|)ta, mvocommata) 
the dorsal set, along lines of intersection with^the 
horizontal septa, the ventral set, in the paTietal 
wall of the coelom (Fig Ventral ribs are found 
ni bonv fishes whereas dorsal ribs are found in 
c*Hsmohranc hs and tetrapods N > modern amphib 
tan has ribs typical of the higher vertebrates The 
t'pical iib of the highei vertebrates is bifurcated, 
the c apitulum, or ventral fork, is articulated to the 
centrum below; and the tuberculum, or doi&al 
h»rk to the extremitv of the transverse process or 
diapophysis, of the neural arch above The tetra- 
Pf'd ub chondrifies and later ossifies separately, 
though during the mesenchymal model or blastema 
the rib capitulum and vertebral centrum are 
tn continuity. The gastralia or abdominal ribs of 
alligators and crocodiles arc accessory bony 
^laments of dermal origin and bear only a topo- 
graphic relationship to the true nbs. 

Skull. The skull of vertebrates is a composite 
^Iruciure The two rather strikingly diflFcrent sub- 



Fig 3 Principal septa in relation to axial structures 
and ribs of the vertebrote trunk (From L S Goodrich, 
Studies on the Structure and Development of Verte- 
brates, vol 1, Dover, 1958) 



Fig 4 Diagram of the early elasmobranch chondro 
cranium in side view (From i S Kingsley, Compara 
five Anatomy of Vertebrates, Blakiston, *912) 


divisions are the neiiiocidnuiin which houses the 
brain and organs of special sense and the planch 
icraniiim winch supports the gut near its oral 
nd \lthough ibt skill is modeled in mesenchvme 
as the initial step in its differentiation it is only 
with e hondiifn ation of the model that the irthi 
tee tiiral plan bei omes evident 

Chovdntf ranium In all veitelirates fiom elasmo- 
branchs iliiouph the mammals the < hondre»neiiio- 
I iniurn is e onsti iie ted ate ending to the same basic 
pidii The median oi axial poition of the skull base 
is t'siablished h\ a se-ries of bilateial bars The 
more prominent of these aie the tiaheeulae cranii 
that extend reistiall) fiom the level of the piMiitarv 
gland and the oarachoidals that flank the note 
chord directly behind the pituitary gland Develop- 
ing caudal to and in senes with these elongated 
cartilages is a chain of small stout bar'^, the occip- 
* ital sclerotomes, homologous to those that form the 
vertebrae The occipital sclerotomes together with 
the parac hordals fuse to form the basal plate Fat- 
eral arctiform extensions of the occipital sclero- 
tomes form the posterior wall of the cranium Else- 
wheie, the side walls and peripheral portion of the 
skull base are derived from the capsules that house 
the organs of special sense Anteriorly to posteri- 
orly these bilateral cartilaginous vesicles are the 
nasal capsules which fuse with the ends of the 
trabeculae cranii to form the ethmoidal plate, 
the optic capsules, and the auditory capsules 

(Fig. 5). 
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Fig. 5. Diagrams of the development of the chondro- 
cranium, (o) Early stage, (b) Later stage. (From L H. 
Hyman, Comparative Vertebrate Anatomy, 2d ed., 
Univ. of Chicago Press, 1942) 

Roofing over of the side walls to form a complete 
cartilaginous brain cap or calvarium occurs only 
In the elasmobranchs and in ganoid fishes such as 
Amia, In all higher vertebrates only the occipital 
sclerotomes extend themselves sufficiently to estab- 
lish a complete cartilaginous arch over the brain 
and this is limited to the posterior pole of the 
cranium. The large defect in the calvarial portion 
of the chondrocranium is closed by membrane 
bones. Since in higher vertebrates the cartilage is 
almost entirely replaced by bone, the distinction 
between bone of dermal origin and that formed by 
the endochondral process must be kept in mind 
when studying the comparative embryology of the 
skull. No attempt will be made here to describe 
the very numerous ossification centers that occur 
in each of the dermal and cartilaginous elements. 

Splanchnocranium. As a series of cartilaginous 
arches in the wall of the foregut, the splanchno- 
cranium develops independently from the chondro- 
neurocranium. These visceral arches strengthen 
the wall of the pharynx without interfering with 
its expansion-contraction movements. The first vis- 
ceral arch, the mandibular arch, supports the jaws; 
its dorsal component is called the palato- or pter- 
ygoquadrate, and its ventral component, MeckeFs 
cartilage. The first and second (hyoid) arches usu- 
ally become attaerhed to the chondrocranium above. 


while the more posterior visceral arches, the true 
branchial arches of fish, remain free from the skull 
and become much modified and reduced in air- 
breathing vertebrates. Each branchial arch, vis- 
ceral arches 3 to 7, typically consists of a short 
chain of rodlike elements which, beginning with 
the most dorsal, are named pharyngeal, epibran- 
chial, ceratobranchial, and hypobranchiai. The 
last element is joined to its contralateral fellow in 
the midventral line by an unpaired basibranchial 
or copula. Branchial rays for gill support radiate 
outward from their attachments on the epibran- 
chial and ceratobranchial elepients (Fig. 6). See 
Respiratory system. 

With respect to modification of the primitive 
cartilaginous splanchnocranium, as represented in 
the elasmobranchs and outlined above, considera- 
tion should be given to the fate of the original ele- 
ments, the addition of dermal or membrane bones, 
and the changes associated with jaw suspension. 

In elasmobranchs the dorsal and ventral compo- 
nents of the first visceral arch meet those of the 
opposite side in the midline below the level of 
the ethmoidal plate and nasal capsules to form the 
teeth-bearing upper and lower jaws. Both jaws 
are secured behind by ligaments to the second vis- 
ceral arch which in turn is suspended by a ligament 
from the chondrocranium (hyostylic mode of sus- 
pension). An additional suspensory ligament is usu- 
ally present morfS rostrally. 

In bony fishes and all higher vertebrates the 
palatoquadrate bars fail to meet in front to form a 
complete upper jaw arch. The teeth for biting then 
derive their support from new elements ossified in 
membrane. Meckel’s cartilage also becomes re- 
duced in importance and is superseded by dermal 
bones. 

Aside from the dermal bones that supplant the 
palatoquadrate, there are two important deriva- 
tives of the primitive upper jaw in tetrapods, 
named the epipterygoid, equivalent to the ali* 
sphenoid of mammals, and the quadrate. Both of 
the latter are ossified from endochondral renters. 
The quadrate usually becomes a fixed and integral 
part of the skull and, except in mammals, bears the 


pharyngobranchial 

yepibranchial 

/ r / yceratobranchial 

rostrum' 



orbit 

\ neurocranium 

supraorbital arch, 


hyomandibular cartilage 
of hyoid visceral arch 

ceratobranchials 

pharyngobranchials 
epibranchials 


hypobranchiai 


(a) 


branch iostegal 
ray 



nasal capsule 
orbital process 
pterygoquadrate 
(palatoquadrate) 
cartilage 


Meckel's * 
cartilage 


basihyal 

ceratohyal 


splanchnocranium 


supra 
scapula 

;opular 

f region 

© — pectoral 
girdle 

_ coracoid 

I region 

basibranchial 


Fig. 6. (a) Chondrocranium and (b) gili supports in 

an adult elasmobranch. (From O. E. Nelson, Comporo- 
fiVe Embryology of the Vertebrates, Bhkiston, 1953) 



articulating surface for the lower jaws, the latter 
ronstituting an autostylic type of jaw suspension. 
The principal derivative of Meckel’s cartilage is 
the articular bone, appropriately named since it 
articulates with the quadrate and so brings the 
lower jaw into the autostylic suspension. The hyoid 
apparatus and laryngeal cartilages are derived 
from the ventral components of the hyoid arch and 
the successive branchial arches. The dorsal ele- 
ment of the hyoid arch becomes the sound-trans- 
mitting ossicle, or columella aiiris. 

The splanchnocraniiim of larval anurans under- 
goes a radical reconstruction during metamorpho- 
Kis, as a result of which the relationships are more 
t\pical of tetrapods in general than before. The 
first visceral arch undergoes the most conspicuous 
modification through which the small ventral mouth 
of the tadpole is converted into the wide slitlike 
tctminal mouth of the frog. 

In mammals, derivatives of the primitive carti- 
laginous splanchnocranium have been reduced to a 
few elements crowded back behind the laws. The 
rno'»t distim’tive of these derivatives are the minute 
middle ear ossicles that tiansmit sound from the 
eardrum to the organ of hearing. The three ossicles 
arc named malleus, incus, and stapes and are de- 
Mved from Meckel’s cartilage, the palatoquadrate, 
and tiu' dorsal part of the hyoid arch, respectively 
Scf E\r. 

Appendicular skeleton. The appendicular skel- 
et«»n consists of fins or limbs and their supporting 
girdles, used primarily for locomotion. Appendages 
are found in almost every class of vertebrafe and 
occur as unpaired median fins, paired fins, and 
palled limbs. 

Median fin development. In elasmobranchs the 
formation of the median fin becomes evident with 
the appearance of a narrow fold of the integument 
I onsisting of epidermis and a laver of mesenchvme 
along the dorsomedian line of the trunk. A similar 
fold develops along the ventromedian line from 
)ii'«t behind the cloaca to the tail where the two 
longitudinal folds become continuous with one nn- 
olher. While these folds continue to lengthen along 
their whole extent, at certain locations the mwen- 
fhvmal core becomes particularly thickened, tlven- 
toalh the fin folds regress everywhere except at 
these restricted sites of thickening, which then rep- 
resent the anlage of the definitive dorsal, caudal, 
and postanal fins. Bilaterally the muscle buds from 
the several myotomes spanned by the developing 
fin extend into its platelike me.senchymal core. 
These buds become detached and form the radial 
tnuscles, each of the latter in the adult having 
«ttisen from one bud and, therefore, one body seg- 
tnent. A skeletal radial develops between right and 
Ir’ft members of each pair of radial muscles. The 
''keleial elements first appear as bandlike mesen- 
<h\mal condensation which subsequently chon- 
”^*fv In bony fishes median fins develop in the 
'rame fashion as in the elasmobranchs except that 
become ossified in the former. 

l^aired appendages. It seems to be generally 
“K^^eed that the paired appendages have evolved 
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' h poired fins 


Fig 7. Diagrams to illustrate the fin-fold theory, (o) 
Early stage, (b) Later stage. {After Wilder from L H. 
Hyman, Comparative Vertebrate Anatamy, 2d ed., 
Univ. of Chicago Press, 1942) 

from bildteral longitudinal fin folds. The paired 
latcial (pectoral and pelvh ) fins of fish de,velop in 
the same manner as that of the median fins de- 
scribed above. I'he girdles supporting the lateral 
fins arise by extension inward of the base of the 
lointed radiales, the base having been formed by 
the fusion of the proximal row of radiales into a 
single bar (Fig. 7). 

Attempts to derive the tetrapod limb (cheirop- 
terygiiim) from the lateral fin (icthvopterygiuin) 
have not been altogether successful. Perhaps the 
most revealing comparison is that between the 
limb of an ancient tetrapod, Errops, and the pec- 
toral and pelvic* fins of a primitive aquatic fish, the 
extinct crossoptervgian. Sanripterus, Both have a 
single proximal segment, the tetrapod’s humerus 
or femur; two intermediate elements, the tetra- 
.>fKl’s radius and ulna or tibia and fibula; and about 
s dozen marginal radials, which is decidedly less 
than the number of skeletal elements in the letra- 
pod’s pentadactyle foot (Fig. 8). 

Pe(tond girdle. The pectoral or shoulder girdle 
is the internal archlike supporting structure for 

pectoral (a) 


interior girdle pelvic girdle noiterior 



humerus femur 



Fig. 8. Comparison of the primitive appendages of 
fish and tetrapod. (o) Primitive fishlike form, {b) Some 
in tronsverse section, (c) Primitive tetropod. (d) Same 
in transverse section. (From £. S. Goodrich, SfucKei on 
the Structure and Oevelopment of Vertebrates, vo/. 1, 
Dover, 1958) 
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the anterior pair of appendages. In elasmobranchs 
the pectoral girdle is a simple U-shaped cartilagi- 
nous bar formed by the right and left basal radials 
which had become displaced ventromedial ly until 
their ends met and fused at the midline. The point 
at which the fin is attached, situated near the bend 
of the U bilaterally, is called the glenoid fossa. The 
horizontal portion of the girdle that connects be- 
tween glenoid fossae is the coracoid region; the 
portion that extends above the glenoid fossa on 
each '«ide with a free tip is the scapular region. 
The latter may be subdivided into scapula proper 
nearest the his^sa and suprascapula more distallv. 
In the bon\ fishes the latter elements which are 
preformed in cartilage become overlaid bv dermal 
bimes. Thus, on each side the clavicle appears over 
the coTdcoid. the cleithra over the sca])ula. Bevond 
the scapula additional dermal elemenN appear that 
unite the pectoral girdle to the skull. 

In tetrapods two divergent lines in the evolution 
of the sh(»ulder girdle have been traced from an- 
cient reptilian stocks, depending upon whether the 
coracoid legion is ossified from a single center, 
often called the piecoracoid center, oi fiom two 
centeis, the anteriot and posterior corai'oids. The 
foimer has led to rejitiles and birds; the latter, to 
mammals. However, except in the monotremes in 
which the two corac’oid centers appear, onlv the 
posterior t'oracoid has persisted in mammals and 
even at that has been redu«*ed to a small projection, 
the coracoid pnwess of the scapula. The scapula, 
on the other hand, is alwavs well developed, partic- 
iilailv in placental mammals. As in bonv fishes, 
the pec‘toral girdle of primitive tetrapods is 
strengthened bv the presence of dermal bones, in- 
<*luding palled clavicles ventrallv. paired cleithra 
dorsal Iv, and an unpaired ventromedian interclavi- 
<-le. The cleithnim disappears except in frogs and 
certain reptiles The clavicle persists in all but the 
more highlv specialized forms such as the tailed 
amphibians, snakes, alligators, ungulates, whales, 
and a few carnivores. In birds the clavicle is fused 
with its (MJiitralateral mate and as such is ('ailed 
the fiircula or. more popiilarlv. the wishbone. The 
interelavicle. absent in most tetratiods. f)ersist.s in 
cfTtain reptiles and unicpielv in the monotremes. 

/V/m’c g/frf/e. The pelvic girdle serves the same 
function with respect to the posterior appendages 
as the pectoral for the anteiior. Fiiithermore, the 
basic elements of the two girdles and their plans 
of development are verv much alike. In elasmo- 
branchs the unseginented (‘artilaginoiis pelvic arch 
beats a scicket. the acetabulum, on eac'h side where 
the pelvic fins are attached. The horizontal portion 
of the arch that connec’ts between ac'etiibiilar fos- 
sae is called the isihiopiihic bar; the free dorsal 
ftrojections of the arc-h are the iliac processes. In 
bonv fishes the pelvic arch is similar in form to 
that of elasmobranchs but is ossified. The pelvic 
girdle in all fishes remains free from the vertebral 
c^ohinm. v^heras in tetrapods it gains additional 
strength bv attac'hment to the vertebral column. 
Characteristically, the ischiopubic bar develops 


two centers; the pubis is ossified from the anterioi 
one and the ischium from the posterior. The ilium 
is ossified from a center in the iliac proce.ss. The 
three centers (pubic, ischial, and iliac) converge 
upon the a('etahuliim and. until they ac'tiiully fuse, 
the boundary between them is clearly delineated 
in the floor of the fossa as a triradiale cartilage. 
Dermal hones have no share in the formation of the 
pelvis. Attachment of the pelvis to the vertebral 
column is provided through the ilium, the medial 
edge of whi(‘h meets the sacral ribs on either side. 


The vertebrate skeleton is primarily an endo- 
skelelon of cartilage and bone. 1'here are two tv pcs 
of bone: cartilage (endochondral, oi replacing 
hone) and dermal (membrane, or investing bone) 
The first tvt»e is preformed in cartilage and ossifies 
later, while the second type ossifies directly Ironi 
membrane without any ( aitilagirious piedeccssor. 
Otherwise ihev are similar. Dermal bone o(curs 
onlv in the skull and shoulder region. An exoskelc- 
ton of hair, claws, nails, hoofs. h(»rns, antlers, iealh- 
ers. scales, and bonv ossfi les in the skin mav alse 
be present. • 

The skeleton consists of the axial skeleton, coni 
prising the skull, veitebral column, and associated 
striK'tures. and the appendicular skeleton oi ap- 
pendages. The fkuU is subdivided into the nenro- 
ctaniiim and the branchiocraniiiin. also known as 
the splanchnocianiiim or visrerocranium. 

Axial skeleton. Skeletal organization is (piitc 
uniform except for variations in the niimlicr. size, 
and arrangement of the bones. The nenrocraniiim 
consists of the braiiicasc and three pairs of cat» 
siiles associated with the oiguns of smell, sight, 
erfuilihriiim. and hearing (Fig. 10). The olfaclon 
capsules develop around the olfactorv lobes, the 
optic' capsules around the eyeballs, and the otic or 
auditory capsules around the ear. The olfactorv 
and otic capsules unite with the rest of the neiiro- 
eraniiirn. but the optic capsules remain free to pei- 
mit eve movements. The neurocranium has open 
ings (foramina) for the passage of blood vesscU 
and nerves. 

The jaws, hyoid, and gill (branchial) arches or 
their derivatives form the hranchioeranium (Fig 
10). The jaws are closelv associated with the ncii 
rocraniiim. while the other branchial arches arc 
indirectly related to it. The jaws constitute ihe 
first pair of branchial arches, the hyoid the second 
pair, and the true gill arches the remaining pairs. 


Fig. 9. Skeletal systems, (a) Man (from N. L Hoerr 
and A. Osol, eds., Gould Medical Dictionary, 2d ed., 
Blakisfon'^McGraw-Hill, 1956), (b) Frog (from T. I- 
Storer and R. L Usinger, General Zoology, 3d ud * 
McGraw-Hill, 1957). (c) Bird (from W. H. Atwood/ 
Comparative Anatomy, 2d ed., Mosby, 1955). (d) Fis 
(after Dean from A. S. Romer, The Vertebrate B®d> 
2d ed., Saunders, 1955). 
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Fig. 10 Skull of a shark. (From W. K. Gregory, Our 
face from Fish to Man, Putnam, 1929) 

The relation of the jaws lo the neurorraniinn 
vaiies in different vertebrates. In the early fishes, 
Aeaiithodii, the law^ were probably attached to the 
neiirocranium b\ ligaments (aiitodiastvlic suspen 
sion) and the remaining branchial arches bore 
gills. Most fishes have hvostylic suspension; that 
is, the jaws are attached to the neurocraninm bv 
the hyomandibiilar. In some fossil fishes and a few 
living ones the upper jaw, in addition to the hyo- 
mandibular suppoit. is diiectlv attached to the 
neurocianium (amphistylic suspension).! ungfishes 
(Dipnoi), ihiniaeras (Holocephali), and telrapods 
(amphibians, reptiles, birds, and mammals) have 
the uppei jaw fused with the neiirocranium with- 
out hyoid support (autostylh suspension). 

The biamhial arches are divided into movably 
articulated parts. The fiist or mandibular arch con- 
sists of paiied palatoqiiadrate (upper law) and 
Meckel’s (lower law) cartilages. nsuall> theiaiti- 
lage bones of the primary (inner) laws are en 
sheathed in dermal bones forming sccondar) 
(outer) jaws 

The hvoid oi second arch consists of paired hvo- 
mandibular or epihval, < eratohyal, and hypohyal 
elements, plus a sjn^jrlc basihval connecting the op- 
posite halves of the arch ventrally. This is the con- 
dition in certain fossil fishes such as the Pleura- 
canthodii and Ac^anthodii, in fossil and living bonv 
fishes, and in lungfish. 

The gill aiches, tisuallv branchial arches ^ 7, 
are composed of paired pharyngobranchial, epi- 
hranchial, ceratc»branc hial, and hypobranchial ele- 
ments. A median unpaired basibranchial, the cop- 
ula, connects the halves of each arc*h ventrally. 
Attached to the epibranchials and the ceratobran- 
chials are the gill or branchiostegal rays support- 
ing the gills. The functional gill arches of most 
fishes have this essential arrangement although the 
number of arc'hes may be reduced and more than 
one arch may attach to a single basibranchial ele- 
ment In the tetrapods the branchial elements be- 
hind the jaws disappear or are changed into ear 
bones, the hvoid apparatus, or laryngeal cartilages. 

The Chondrichthyes, that is, the sharks, rays, and 
chimaeras, have a cartilaginous skull, but adult 


Osteichthyes, or bony fishes, and tetrapods have 
an ossified skull. Some bony fishes have more than 
150 separate skull bones, but during evolution the 
number was reduced to approximately 27 bones m 
the human skull. 

Crossopterygians. In Eusthenopteron (Fig. 11), 
a generalized fossil crossopterygian fish (the group 
believed ancestral to tetrapods), the neurocraniiim 
has 5 unpaired bones basiuccipilal, interparietal, 
parasphenoid, sphenethmoid, and vomer -and 28 
paired Imnes — frontal, lateral extrascapular, me- 
dial extrascapular, nasals 1-3, opisthotic*, parietal 
postnasal, postpai ietal. postrostral 1 2, prootu 
rostral, septomaxillary, supial^mpnral, and tabular 
The total is 33 bones. In addition, there are 8 cir 
cumorbital bones -jugal, lacrimal, postorbilal, and 
prefrontal, all paired; and 6 laterotemporal bone 
-quadratojugal, preopeicular, and squamosal, all 
paired. The sphenethmoid, parasphenoid. basioi- 
cipital. prootic, opisthotic, and vomer are probablv 
cartilage bones; the others are dermal bones. 

The branc'hioc ranium of Eusthenopteron c'on 
tains 98 bones. The primary (inner) upper jaw*- 
consist of 16 paired bones — ec^topteiygoid. epi 
pterygoid, palatine, pteivgoid. quadrate, and I 
suprapter>gi)ids. The secondary (outei) uii^iei 
jaws consist uf 4 paired bones maxillarv and 
premaxillarv. There aie only 2 bones (paired ar 
ticulars) in the primary lowei )aw but 16 paued 
bones fangula|(* coronoid 1 and 2, dentary, p(»si 
splenial, prearticmiar. splenial, and surangiilar) 
in the secondary lower jaw. The quadrate and 
articular arc the onlv cartilage bones in the man 
dibular arch. T'he crossopterv gian hyoid and gill 
arches are similar to those of tvpical fishers The 
gills are covered by an operculum of paired oper 
cular and subopercular bones and the “throat” hv 
5 paired marginal gular bones; 4 pairs of phai>n 
geal bones mav have been present. Latimena, the 
onlv living crossopterygian fish, is very similar to 
Eusthenopteron. 

Primitive tetrapods. A generalized primitive let- 
rapod condition is represented by Eryops, a Per 
mian labyrinthodont amphibian. The neurocraninm 
(Fig. 12a) may be divided into the following if' 
gions: roof, circumorbital, laterotemporal, ear, 
braincase floor, snout, and occipital. All the bones 
except the basioccipital, basisphenoid, parasphe- 
noid, and sphenethmoid are paired. There is one 
tripartite occipital condyle, composed of the basi 
occipital and the two exoccipital bones. 

The primary upper jaw consists of the ecto- 
pterygoid, epipterygoid, palatine, pterygoid, and 
quadrate bones; the secondary upper jaw is com- 
posed of the premaxillary and maxillary bone** 
The bones of the primary lower jaw are the men- 
tomeckelian and articular, while the sccondatv 
lower jaw is composed of the angular, coronoid, 
dentary, intercoronoid, postsplenial, prearticuUr, 
precoronoid, splenial, and surangular. All j^ 
bones are paired. The teeth arc greatly infolded 
(hence the name labyrintho/lont) like those of 'ch*' 




Fig. 11. Skull of Eusthenopteron, a Devonian crossop- 
terygian fish, (a) Dorsal aspect, (b) Ventral aspect. 
(From A. S. Romer, The Vertebrate Body, 2d ed., 
Saunders, 1955) 



Fig. 12. Skulls of fossil and living amphibians and 
reptiles, (a) Eryops. (b) The mudpuppy, Necturus. 
(c) The bullfrog, Rana. id) The lizard, Iguana. (Modi- 



Fig 13. Skull of Columba, the pigeon. (From G. R. 
deBeer, Vertebrate Zoology, Sidgwick and Jackson, 
1928) 
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fled from F. G. Evans, The morphological status of the 
modern Amphibia among the Tetrapoda, J, MorphoL, 
74:43'-100, 1944) 



Fig. 14. Skull of Didelphis, the modern opossum. 
(From W. K. Gregory, Our Face from Fish to Man, 
Putnam, 1929) 
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(untemporaneoufl crossopterygian fishes. Except for bones usually absent in the jaws are the ectoptery- 
the absence of gills, the skull is similar to that of ' goid, cpipterygoid, inlercoronoid, postsplcnial, 
(Tossopterygians. precoronoid, splenial, and surangular. Two exoc- 

^mpAibia. In the living amphibians (Fig. cipital condyles aie present for articulation with 

|26,c), all specialized, the number of skull bones the vertebral column. Much of the reduction in 

reduced from 40 in Eryops to 18 in some of the number of skull bones is due to fusion. The teeth 

^^dess Apoda (IcMhyophis) and the bullfrog Rana are simple cusps. 

to 15 in the mudpuppy Necturus. Typical liv- The hyoid apparatus is largely cartiladnous. In 
Amphibians have lost the internasofrontal, post- Ichthyophis it consists of a single basibranchial 

parietal, jugal, lacrimal, postorbital, supratcmpo- and four paired ceratobranchials. In the bullfrog 

^ali tabular, otic, basisphenoid, basioccipital, and Rana it is a flat cartilaginous plate with paired 

S'upraoccipital bones from the neurocranium. The cartilaginous ceratohyals and ossified thyroid proc- 
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esseb. The mudpuppy Necturus has a pair of hy- 
pohyal and ceratohyal elements plu<% two basi- 
branchial, two pairs of h> pobranchiah and three 
pairs of reratobranrhiai elements. All are caiti- 
Jaginoiis. 

Reptiles. The skull of some Permian cotylosaurs, 
the most primitive leptiles, is ver> similar to that 
of labyrinthodont amphibians, and one of them, 
Seymouria^ ha'^ been classified as both a reptile 
and an amphibian. The skull of the living li/ard. 
Iguana (Fig. 12rf), has all the ncurocranial bones 
found in Eryops except the internasofr<»nta]. post- 
parietal, cfuadratojugal, supratemporal, siipraoc 
cipital. and vphenethmoid. The prootic, opisthotic, 
and exoccipital bones have fused. The only Eryops 
bones lost from the jaws are the mentomeckelian, 
intercoronoid, precoronoid, and splenial. Except 
for the advanced mammal-like reptiles, there is a 
single tripartite occipital condvie in reptiles. The 
columella auris of lizards consists of an ossified 
proximal part, the stapes or columella, and a distal 
cartilaginous part, the extracolumella. In many re- 
spects living reptiles are more primitive than con- 
temporanemis Amphibia 

The hyoid apparatus of Iguana consists of the 
h>oid and first 2 branchial aiches. There are 1 
basihyal, 2 hypohyals, 2 ceratohvals, 2 ceiatobian- 
chiaK and 2 epibranchials. Only the first pair of 
ceratobranchials is ossified. 

Teeth are absent in turtles, but conical single- 
cusped teeth are present in Sphenodon, Crocodilia, 
and lizards. Snakes have curved teeth whic'h are 
grooved or hollow in poisonous species. The 
mammaldike reptiles have different kinds of teeth 
and some dinosaurs such as Anatosaurus and 
Edrnontosaurii^ had many leaflike teeth, approxi- 
mately 2000, closely pressed together to form 
grinding structures. Snakes have a special joint 
in the braincase to permit wide opening of the 
mouth, and the opposite sides of the lower jaw are 
)oined bv an elastic, ligament. Thus, a snake can 
swallow prey with a greater diameter than its own 
body. 

Birds. The adult bird skull (Fig. 13) is fused 
into four complexes: (1) a thin, rigid, continuous 
neurocranium, (2) a vertically hinged upper beak 
supported on a basically reptilian upper j'aw and 
palate, (3) a mandible of fused reptilian elements, 
and (4) a jointed hyobranchial c'hain. In the pigeon 
Columba livia^ the neurocranium c onsists of paired 
basitemporal, ectoethmoid or turbinal, exoccipital, 
frontal, jugal, lacrimal, laterosphenoid, nasal, or- 
bitosphenoid, parietal, prefrontal, quadrato jugal, 
and squamosal bones, plus single basioccipital, 
basisphenoid, mesethmoid parasphenoid, and su- 
praoccipital bones. Th*^ basisphenoid and meseth- 
moid bones form the interorbital septum. There is 
a single occipital condyle. The upper beak consists 
of the paired maxillary, palatine, premaxillary, 
most of the beak, pterygoid, and quadrate bones. 
The lowei beak is double- jointed as in lizards and 
snakes and consists of the paired articular, angu- 
lar, surangular, and dentary bones. No living birds 


have teeth, but they were present in some early 
fossil ones such as Archaeopteryx and Ichthyornis. 

The pigeon hyoid apparatus (hyoid and third gill 
arches) consists of three single median elements: 
the entoglossal cartilage or fused ceratohyals an- 
teriorly, the basihyals in the middle, and the basi- 
btanchial or third arch posteriorly. A pair of short 
anterioi horns (the cornu) and long posterior 
horns (the third ceratobranchials and epibran 
chials) are also present. 

Mammals. Adult mammal skulls typically lack 
paired prefrontal, postfrcmtal, postorhital, quad 
ratojugal, and septomaxillary bones. The reduction 
in total bone number is due io fusion, and in the 
primitive opossum, Didelphis^ there are 42 separate 
bones (Fig. 14). Paired frontal, jugal, lacri 
mal, nasal, parietal, periotic, and squamosal bonev 
plus unpaired basioccijiital, basisphenoid, dermo- 
supraoccM'pital. ethmoid, presphenoid, and vomer 
form the neurocranium. The paired preinaxillai\. 
maxillary, pterygoid, and palatine bones form ihr 
upper jaw, and the dentarv, the lowei jaw. A diag 
nostic mammalian fealuie is ihe jirescnc e of a t\m 
panic and three paired auditory ossir les, the 
malleus, ini us, and stapes. Auditory bullae are u'-ii 
dlh present and there is one oiiipital iond\le^ln 
the nose there are three paired turbinate bones 
The hvoid apparatus consists of paired (cralrdivals 
and thyrohyals plus a single basihyal. 

In the adult human skull (Fig. IS) the pre ami 
basisphenoids nise to form the sphenoid, the basi 
ex-, and supraoccipitals to form the oi cipital, the 
periotic, squamosal, and tympanic to foim the tern 
poral; the premaxillary and maxillary to foim the 
maxilla. The upper and middle turbinates or c on 
chae fuse with the ethmoid. The busi-, ceiato-, aiul 
thyrohyals form the hvoid bone. 

Mammals typically have two sets of teeth, the 
milk or baby teeth and the permanent imi^ors 
canines, premolars, and molars Teeth are ahseii! 
in some mammals, such as the ant eaters, and sec 



Fig. 15. Adult human skull. (From F. G. Evans* 
of Human Anatomy, LHtlefielS, Adams, 1957) 
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ondarily increased in number but reduced to sim- 
ple cusps in others, as the toothed whales. See DfcN- 
mioN. 

Vertebrae, I’he term vertebrate refers to the 
vertebral column composed of veitebrae. A typical 
vertebra consists of a bodv or centrum and a neural 
dTi h surrounding the spinal cord lying dorsal to the 
fentrum. The neural arch has spinal and transverse 
processes for the attachment of muscles and liga- 
ments and articular processes, the zygopophyses, 
for articulation with adjacent vertebrae. In certain 
fossil reptiles the bodies c)f the cervical vertebrae 
also have articular processes, exopophyses. The 
Imdies of the caudal vertebrae often have ventral 
hemal arches surrounding the blood vessels to the 
tail. In the tails of reptiles and mammals the hemal 
arches, chevrons, are attached to small elements, 
intcrcentra, wedged in ventralU between succes- 
•.ive centra. Fish have little regional differentiation 
in the vertebral eoliimn, but tetrapods typically 
have cervical, thoracic, lumbar, sacral, and caudal 
vertebrae. Legless forms lack sacral vertebrae. The 
fust two cervical vertebrae, the atlas and axis, of 
amphibian fossils and amniotes are specialized for 
•^iipjiort and movements of the head. Tetrapods 
have fibrocartilaginous intervertebral disks be- 
Iwecn the bodies of most of the movable vertebrae. 

There are seven cervical vertebrae in all mam- 
mals iru'liiding man and giraffe. Exceptions are 
the manatee. Tnrhecfius, and two-toed sloth, Cho 
laepn^t, which have six. and the three-toed sloth, 
Uutdypus, which has nine neck vertebrae. Elasmo- 
saunis, a fossil maiine reptile, had 76 ne^l verte- 
1)1 ae The Xenartha (sloths, armadilloes, .and ant- 
ejteis) have an extra pair of zygapophvses on the 
pnstefioi dorsal and lumbar vertebrae. The number 
of separate vertebrae varies from over 200 in some 
\poda and pythons to only 6 in some frogs. 

Ribs and sternum. Two types of ribs, dorsal and 
vcntial. oc< ur in vertebrates. Dorsal ribs lie in the 
‘'cptum dividing the trunk musculature into dorsal 
and ventral masses; ventral or pleural ribs lie in 
the septa dividing the trunk musculature into seg- 
numts. Many fish have both types of ribs, but only 
dm sal ribs occur in tetrapods. The earliest t^tra- 
pods had ribs on all of the presacral vertebrae, but 
in living forms, especially birds and mammals, 
movable ribs are usually restricted to the thoracic 
legion. In tetrapods with functional hind legs, one 
«r more sacral ribs articulate with the pelvis. Cer- 
'^nal ribs, when present, ate usually short, whereas 
thoracic ribs are typically long and curved. In tur- 
tles the trunk vertebrae and ribs are immovably 
fused to the carapace or upper shell. In certain 
mammals (living armadilloes and fossil glypto- 
donis) there is considerable fusion of the trunk 
'priebrae. 

Most tetrapods have a sternum which in amniotes 
t'' I'onnecled with the ventral ends of the ribs via 
I'ustal cartilages. The sternum in living amphib- 
tdus is mostly cartilaginous and incorporated with 
me pectoral girdle. It does not connect with the 
which are short and straight, but some of 
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Fig. 16. Diagram of (a) the pectoral and (b) the pel- 
vic girdles and (c) generalized hand and foot of a 
tetrapod Bones of forelimb are underlined. (From L J. 
Parker and W. A. Haswell, A Text-book of Zoology, 
vo/. 2, 6th ed., Macmillan, 1951) 


the fossil amphibians. Labvrinthodontia, have 
long curved ribs which may have articulated with 
a sternum via costal cartilagev. The sternum is ab- 
sent in the legless living amphibians, turtles, leg- 
less lizards, and snakes. The bird sternum is an os- 
sified rpiddrangular bone with a prominent median 
keel in living forms and penguins. The keel is ab- 
sent in ostriches and related forms. The mammalian 
sternum is an ossified median structure of several 
parts which may remain separate or fuse. 

Appendicular skeleton. This consists of the 
skeleton of tlie pectoral (shoulder) and the pelvic 
'hip) girdles and of the paired appendages (Fig. 
16). The girdles provide attachment and support 
for the uppendageb, which may be fins, flippers, 
legs, wings, or arms. The pectoral girdle differs 
from the pelvic one in consisting of both dermal 
and cartilage bones and, except in skates and pter- 
odactyls, in having no cartilaginous or bony con- 
nection with the vertebral column. The pectoral 
girdle is located close to the head, in bony fishes 
and some early tetrapods actually being attached 
to the skull, while the pelvic girdle is a.ssociated 
with the outlets of the digestive and reproductory 
systems. However, in .some bony fishes the pelvic 
fins are in the throat region anterior to the pectoral 
fins. 

Pectoral and pelvic girdles. In bony fishes the 
pectoral girdle consists of a scapulocoracoid bone 
(sometimes the two elements are separate) which 
is almost covered externally by dermal bones 
named, in a dorsoventral order, post-temporal, su- 
pracleithrum, cleithrum, postcleitltrum, and clavi- 
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rle. The clavicles of the opposite halves of the gir- 
dle unite in a symphysis. The post-temporal bone 
attaches the girdle to the back of the skull. In tet- 
rapods the connection with the skull is «<oon lost 
and the dermal elements are reduced progressively 
in size and number while the cartilage bones in- 
crease. 

The Eryops pectoral girdle consists of an ossified 
scapiilo<'oracoid, cleithnim, clavicle, and interclav- 
icle. In salamanders only the scapula is ossified. 
Frogs have an ossified scapula, coracoid, clavicle, 
and omosternum. Living Amphibia lack the clei- 
thrum and interclavicle. The Apoda have no gir- 
dles. 

The Eryops pelvic girdle consists of ossified 
ilium, pubis, and ischium meeting in the acetabu- 
lum. Living Amphibia have a cartilaginous pubis. 
The frog ha** a saberlike, forwardly directed ilium; 
in others it is vertical. The ilium articulates with a 
single sacral vertebra in living Amphibia, but some 
fossil forms have two or three sacral vertebrae. 

The lizard Iguana has an ossified scapula, c<»ra- 
coid, clavicle, and interclavicle attached to a car- 
tilaginous sternum and ribs. The pelvic girdle con- 
sists of an ossified ilium, ischium, and pubis. Both 
girdles are absent in snakes and legless lizards. 
Turtles are the only vertebrates with the pectoral 
girdle inside the ribs. 

Birds have a swordlike scapula, an enlarged cora- 
coid, and clavicles joined by an interclavicular ele- 
ment, the furcula, to form the wishbone. The bird 
pelvis consists of expanded ilium, articulating with 
several sacral vertebrae, and a slender pubis paral- 
leling the expanded ischium. The pubic symphysis 
is tvpically lacking, but ostriches and rheas have 
both a pubic and an ischiatic symphysis. 

Mammals typically have a clavicle, a scapula, 
and no coiacoid except in monotremes (egg-laying 
mammals). Horses have only the scapula. The 
three pelvic bones are usually fused into a single 
pelvic beme. Monotremes, marsupials, insectivores, 
many rodents, hoofed mamma l.s, and carnivores 
have both a pubic and an ischiatic symphysis. 

Appendages. The skeleton of the paired append- 
ages (fins) of fish consists of cartilaginous or bony 
fin ravs. Tetrapod limbs are all modifications of a 
single basic pattern (Fig. 16). Most yariation oc- 
curs in the number and shape of hand and foot 
bones. The forearm and leg bones fuse in frogs, 
and the ulna and fibula are small splints in hoofed 
mammals. 

Eryops has 12 carpal (wrist) bones, but in living 
frogs (Salientia) and salamanders (Caudata) the 
number varies from 3 to 9. Iguana has 9 carpals. 
Some primitive fossil amphibians such as Trema- 
tops have 13 tarsal bones, but living Caudata have 
3 12 and Salientia from 5 to 7 tarsals. Iguana has 
3 tarsals. Birds have 4 carpals, the 2 distal ones 
fused with the metac'arpals. The tarsals of birds 
are fused with the leg and metatarsal bones with 
the main joint between them. Mammals have 8-11 
carpals and usually 7 tarsals. 

Five is probably the original tetrapod number of 
metacarpals, metatarsals, and digits. The number 


of digits in living forms is 4 in Amphibia, 5 in rep- 
tiles, 3 in birds, 2 in even-toed mammals (Artio- 
dactyla) 4 on the front feet and 3 on the hind feet 
in tapirs and rhinoceros (Perissodactyla), 1 on 
each foot in horses (Perissodactyla), and 5 in most 
other forms. Some fossil marine reptiles (Ichthyo- 
saurs) had 8 digits in their flippers. 

The number of bones (the phalanges) in each 
digit is written as a foimula beginning with the 
first digit. Eryops has a phalangeal formula of 2-2- 
3-2-2 in the hand or manus, but the formula is 
2-2-3-2 in typical Caudata and 2-2-3-3 in Rana. 
Iguana has the normal reptilian formula of 2-3-4- 
.S-3. The formula in birds and mammals is 1-2-1 -0-0 
and 2-3-3-3-3, respectively. 

The phalangeal formula in the foot is 2-3-4-4-3 
in Trematop^, 2(l)-2-3-3-2 in most Caudata, and 
2-2-3-4-3 in Rana. Iguana has the typical reptilian 
formula of 2-3-4^5-4. Turtles frequently have a re- 
duction in phalangeal number, but the ichthyosaiiis 
and plesiosaurs have the phalangeal number in 
creased. Birds have a formula of 2-3-4-5-0 and mam- 
mals the same one as the hand. [F.c.tv.J 

PHYSIOLOGY OF BONE 

Bone is a highly specialized form of connective 
tissue, composed of branching cells in a calcified 
intercellular substance, which forms the skeleton 
or framework of the body of most vertebrate am 
mals. It has loi|g been recognized that the gros^ 
structure of bone is well adapted to its mechanic al 
functions of providing the skeletal support of the 
body and of protecting the vital organs of the 
cranial and thoracic cavities. It has more recenth 
been appreciated that bone tissue has important 
physiologic functions, relating to the life and 
health of the whole organism, and that its micro- 
scopic and submicroscopic structure is eciuallv 
adapted to these functions. 

Cellular confiponents. The cellular component** 
of bone are associated with specific functions: os 
teoblasts, located on bone surfaces, with the forma- 
tion of bone; osteocytes, in cavities or lacunae 
within bone, with the maintenance of the integrit\ 
of bone as a living tissue; and osteoclasts, on the 
surfaces of bone, with its destruction or resorption. 
These cells, having common ancestors, are closely 
interrelated. During active growth, frequent trans- 
formation occurs from one form to another, de- 
pending upon the functional activity the cells aic 
called upon to perform. 

Membranes. The connective tissue surrounding 
bone is the periosteum. In the young, rapidly grow- 
ing animal this includes an inner layer of osteo- 
blasts, actively engaged in the formation of bone. 
In the adult ^ese cells lose the characteristics of 
osteoblasts; this layer is activated, however, follow- 
ing injury and again forms new bone. The bone 
marrow cavities are lined with a thin layer of con- 
nective tissue cells, the endosteum, also having the 
capability of forming bone and of participating iti 
the repair of bone following g, fracture. 

Interstitial substance. In addition to being cal 
cified, bone has a fibrillar structure similar to that 
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of ordinary connective tissue; the fibers are mainly 
those of collagen. The ground subMtance, filling the 
spaces between fibers and mineral, is semifluid and 
is characterized by its content of complex sugars. 
Since it communicates freely with the intercellular 
fluids of the body, and hence with the blood, it 
plays an important part in the physiologic activity 
of bone. The total organic matter in bone makes up 
15' f or more of its dry, fat-free weight 
Bone marrow. In the higher animals, the bone 
marrow is the principal, or perhaps only, source of 
new red blood cells. It also participates in the for- 
mation of bone; its reticular cells, under certain 
1 IK umstances, undergo transformation into the 
*p11s of bone The endosteum is a condensed pe- 
ripheral layer of the stroma of the bone manow 
Sec HuvrAropoii-sis. 

Minerals. The mineral of bone, often called the 
hone salt, accounts for as much as 65^ of its dty, 
fat-free weight, and is responsible for its hardness 
The fait that the bone salt is difficultly soluble is 
of far reac hing physiologic significant e This prop 
ert\ not onK determines the deposition of the 
hone mineral, but it also preserves the stiiiclure and 
rigid it> of the bones. 

The mineral of bone, while not constant in com- 
fxisjtion, is now well recognized by means of 
clumjcal analysis, x-ray diffraction, and other 
methods as a member of the apatite senes. It cor- 
lesponds closely in composition and crystal struc- 
ture to hydroxyapatite. 3Ca<(P0i ) j'Ca(OH )2 
1 he unit of the mineral of bone, at the iiltrastruc- 
tural level, is a microcrvstal of hydroxvap itite of 
colloidal dimensions, only a few hundred angstrom 
unit-* (A) in length and with a thickness of 20- 
^.0 \ 

Growth and remodeling. Most of the bones of 
the body are laid down first in the embryo as car- 



^'9 17. Saoittol section of hood of tibia of normol 
age 7 weeks. Cut, without decolclfication, and 
treated with silver nitrate to illustrate distribution of 
«<>>cifled tissues, which stain black. 
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Fig. 18 Three-dimensional diagram of the microscopic 
structure of the Haversian systems, or osteons, of bone 
Illustrates central canals, lacunae, canalicules, and 
concentric layers o' osteons 

tilage models, which arc later replaced by bone, 
originating in ossifuation centers. A portion of the 
cartilage model persists as the epiphyseal carti- 
lage near the ends of the long bones. This serves 
a double purpose; it forms a union between the 
ends of the bone or epiphyses and the shafts or 
diaphyses, giving structural stability while permit- 
ting growth, and it provides a growth apparatus 
within which growth in length persists until adult 
life is reached. As long as growth continues it is 
under regulation by the growth hormone of the pi- 
tuitary gland; when growth stops, the epiphyseal 
cartilage disappears. In the rat, the epiphyseal car- 
tilages of the long bones persist, and growth con- 
tinues throughout the life of the animal. 

Growth in diameter of bones occurs by another 
process. The long bones are gradually resorbed 
from within the marrow cavity, while new bone is^ 
added on the external, periosteal surface. While 
growth continues, the bones are subject to exten- 
sive remodeling, permitting increase in size with 
only minor changes in external configuration. 

Haversian system. The unit of stiucture of 
bone at the microscopic level is the Haversian sys- 
tem, or osteon, which is peculiar to bone (Fig. 18). 

The osteon, when fully formed, is an irregularly 
cylindrical and branching structure, with thick 
walls and a narrow lumen, the Haversian canal. The 
canal carries blood capillaries and venules. The 
walls have a lamellar structure, in concentric lay- 
ers. Between the lamellae are large numbers of 
lacunae, housing the osteocytes and interconnected 
with one another and with the lumen of the canal 
by means of branched canalicules. Blood reaches 
the bone through the capillaries. These, together 
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with the lacunae and their interconnecting rana- 
lictile^. make po^bible the deposition of mineral in 
the organic matrix and interchange of ions and 
metabolites with the fluids of the body. 

Internal or Haversian remodeling, which contin- 
ues throughout life, is closely related to the regula- 
tion of the exchange of mineral lietween the blood 
and the bones. It consists in the formation of tun- 
nels, or lesoiption cavities, to be subsequently 
filled in }»v new Haversian systems, by deposition of 
concentric layers of bone on the walls of the tunnel, 
continjiiiig until only the usual small canal remains. 
During this remodeling the new bone is reactive 
and readil> accessible to the (‘irculation over peri- 
ods of months or fm)re. 

Calcification of the skeleton. For the bones to 
become hard the mineral portion must be deposited 
in a soft organic matrix: failure of such deposi- 
tion lesiilts. in the infant, in rickets. This deposi- 
tion of a complex caliium phosphate, niainlv hy- 
drox\ apatite, is calc ification. 

Calf ifif ation of the skeleton begins in the em 
brvo. as cartilage models are transformed into 
bone; it continues throughout life as new bone le 
places old. It depends upon two prcK*esses: initia- 
tion of crystal formuticui. known as cr\slal seeding, 
and crvstal giowlh. Cnstal growth is well de- 
sriibrd from the contributions of c rystallogiaphy 
CrvMal set‘ding, in a cab ifiable tissue, is not well 
undei stood; it is not known why bone and some 
paits of cattilage caUify, while othei tissues, re- 
sembling the organic matrix of bone in c'hemical 
composition remain (ree of deposits of mineral 

For the skedeton to calcify normallv, a i*onlinii- 
oiis supply of calcium and phosphate must be ear- 
ned in the blood to the sites of calcific ution. at 
c'onc entratioris adectiiate to ensure their combina- 
tion in the foirn of the bone mineial 'Fhesf condi- 
tion^ define the humoral fac lot in calcification. The 
humoral factor of course common to all parts 
of the body, but not all paits of the body c'alrify ; 
iheie is also a lo«\il factor that determines where 
c ale i/ic ation will c»c c iir. The nature of this Icjcal 
factor is not well understood; it has been attributed 
to the r*oJIagen of the bone matrix, or to the 
ground siibstanc’e, or to a chemical or physical as- 
soc idtion of the two. The osteoblasts of growing 
hone are rich in an enrvnie. alkaline phosphatase, 
helloed to play a part either in calcification or in 
the formation of a calcifiablc matrix. No wav has 
\ei been found to assess the property of calcifiabil- 
ity in a tissue, except the observation of calcifica- 
tiem itself. 

Bone as a reservoir of minerals. Of the numer- 
ous elements present in the body the skeleton 
serves to store large amounts of calcium, magne- 
sium, sodium, and phosphorus, releasing these to 
meet other needs of the organism. In addition, a 
number of other elements are found in small quan- 
tities in the mineral of bone; some as contaminants, 
owing to their accidental presence in the body; 
othei b in storage, to meet the needs of metabolism. 

ion transfer between blood and bone. In order 
for the skeleton to serve as a source of mineral ele- 


ments for the remainder of the body, there must 
exist mechanisms for the transfer of these elements 
between blood and bone, in both directions. Ex- 
cept in the case of calcium, in which there is a 
special mechanism to regulate its concentration in 
the fluids of the body, transfeis between blood and 
hone are for the most part effected hv the move- 
ment of positively or negatively charged ions in ac- 
c’ord with physic'ocheinical forc'es tending to main- 
tain a steady state. Thus, if the blood is depleted 
of sodium, an element essential to life, the ions of 
this element are transferred from the bone to blood 
hy diffusion, until erpiilibiiiim or a steady state is 
reached; if an excc*ss of sodium is absorbed into 
the blood, a portion of it is excreted, while another 
pari is stored in the bones. 

Regulation of blood calcium. 1'he maioi por- 
tion of the cabuiim in the blood filasma is in one 
of two forms: fiee calcium ions, Ca^^ and calcium 
held in combination wilb proteins These two frac 
lions aie in equilibrium with each othei Onl\ the 
free calc'ium ions are phvsiologically actiye and 
are sub]ect to transfei between bone and blood 
There is no appreciable amount of calcium in the 
red blood c ells The blood plasma of a man weigh 
ing 70 kilograms contains a total of approximatcU 
27S milligiarns of c'alcium, and an amount ccjiial to 
oiie-tliird of this oi more moves back and foith bj 
tween blood and bone everv minute. For this to be 
accomplished without large flue tiintions in the c cm 
c'entration in the blood, a dual meciiaiiism is re 
cpiired. One part^f the mec lianism. dependent onh 
upon ion transfei. does not differ mateiialh from 
that which lestores sodium to the blood as needl'd 
and depends upon a passive physic oc hemical proc 
ess. The othei mechanism, which contiols the fine* 
adjustment of the calcium level in the blccod 
plasma, recpiires biologic activity mediated by the 
parathyroid glands, four liny hodic's embedded in 
the thtioid gland The parathyroid glands mom 
lor the c*a1ciiim ion concentration in the* blood 
plasma, and keep this up to a noimal level, ap 
proximately 10 milligiarns per 100 milliliters of 
plasma, by releasing additional amounts of calcium 
from the bones as needed. This part of the dual 
mechanism operates as a feedback; a reduction in 
the concentration of calcium ions in the blood 
plasma provides the stimulus for increased activity 
of the parathyroid glands. Such increased activity 
releases additional parathyroid hormone into the 
blood, and this acts directly on bone to transfer 
more calcium to the blood. 

Vitamin D and bone. Vitamin D, best known 
for its protection of infants against rickets, pla\s 
an important part in the mineralization of the skel- 
eton and in the regulation of the concentration of 
calcium ions in the blood plasma. It promotes cal- 
cification chiefly by aiding in the absorption of cal- 
cium in the gastrointestinal tract; it acts together 
with the parathyroid hormone in mobilizing eab 
eium from the bones, and thus in maintaining the 
level of this element in the blood. See Vitamin. 

Hormones and bone. Reference has been made 
above to the regulation of growth of the bones bv 



the growth hormone of the anterior lobe of the pi- 
tuitary gland, and of the regulation of the concen- 
tration of calcium in the blood by the hormone of 
the parathyroid glands. Other hormones, notably 
those of the thyroid gland and of the cortex of the 
adrenal glands, as well as the male and female sex 
hormones, influence the growth and metabolism of 
the skeleton, although for the most part their ef- 
fects are not specifically directed t<i the bones as 
target organs. See separate articles on the various 
endocrine glands. 

Of particular interest is the effect of the female 
sex hormones, estrogens, in birds. Before and dur- 
ing the egg-laying eyrie the bird produces a second- 
div system of spongy bone, filling much of the bone 
marrow cavities, especially of the long bones; this 
serves as a reservoir of ( alciiim foi the requirements 
oi the egg shell, and is accompanied by other phe- 
nomena ini’ident to ovulation. A similar effect is 
[irodiiced in either male or female birds bv adminis- 
I ration of the female sex hormones; the male sex 
hoimones have no such effect. Alone among the 
mammals, the mouse forms bone in the marrow 
cavities undei the influence of administered es- 
tiogcms 

Repair of bone. Mammals have inherited from 
lower vertebrates an e\ti a<»i dinar v capaiitv to re- 
t>air in I lit V and replace missing parts of the skele- 
ton Instead ol being fialched togethei bv scar 
tissue, as is usual in m<»st tissues, bone repair is 
ordinal ilv complete, new bone formation being an 
auloinatie leaction tc» inpirv of bone tissue. 

The licMling of a fracture begins wilb a blood 
( lot in and around the fracture gap, followed bv 
formation of a fibrocartilaginous callus. New bone 
formation then begins from the cells of the perios- 
leiim and of the endosteum. This replaces the fi- 
hroc aitilaginous callus, and forms the bonv callus. 
When the frac ture gap is closed, bv apposition of 
ric*w hone from llie separated fragments, bonv un- 
iim occurs. Following this there is reorganization 
c»f the callus with reshaping of the new bone. 

In modern surgery much use is made of bone 
grafts. Transplants of bone from the same individ- 
ual often survive and produce new bone, uniting 
with the bone in the site of implantation. Implants 
of frozen-dried, devitalized, or preserved bone from 
other species do not survive, but they serve to fill 
gaps and to lead to new bone formation by the 
host. Bone banks, in which bone from various 
sources is stored and preserved in various ways, are 
now in common use. 

Radioactive isotopes and bone. Neither radia- 
tion Itself nor the metabolism of radioactive iso- 
^<»pes has any place in the normal physiolog) of 
bone. Beginning shortly before World War II, and 
greatly accelerated by the researches incident to 
«itomic energy, these subjects have assumed in- 
('reasing importance, with the skeleton playing a 
tnajor role in relation to them. Radiation, external 
^nd internal, is of importance because of its phys- 
iologic effects; the use of radioactive elements in 
tracer amounts is frequent in biologic investiga- 
tions. 
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Internal radiation. Excessive doses of radiation 
applied to the surfaces of the body may have dam- 
aging effects upon the bones; for the most part, 
these are overshadowed by effects upon the soft 
parts of the body. When certain radioactive ele- 
ments are taken into the body, they may accumu- 
late in the bones and may injure the bone tissue 
and the bone marrow. Accidental poisoning, occur- 
ring in radium-dial workers, and resulting in ma- 
lignant tumors of bone, was attributed to radium 
as early as 1929. Of current interest is the fission 
product. 8trontiijm-9(), liberated in the atmosphere 
in the testing of atomic bombs; this radioactive iso- 
tope also may cause malignant tumors in bone. 

Isotopes as tracers. The use of radioactive 
phosphorus, P*-, in the study of the metabolism 
of bone was reported in 193r>; radioactive calcium, 
Ca^''\ was m»t available in quantities adequate to 
meet the needs in biology until 1948. Another iso- 
tope of calcium, Ca^^, is also in use, and stron- 
tium, in the form of Sr''\ has been used as a sub- 
stitute for calcium. The use of these ra^dioactive 
isotopes has permitted a kinetic analysis of the 
movement and accumulation of the bone-seeking 
elements in the body. Methods are available for cal- 
eiilating the rates of aecietion, lesorption, and ex- 
change reactions in the skeleton. See BoNr (bio- 
physics) ; SpiciAiizr.i) IISSIIL. [i-.c.M.l 
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Evans, Atlas of Anatomy, Simplified, 1958; W. H. 
Flower, An Introduction to the Osteology of the 
Mammalia, 1870; W. K. (.legory. Our Face from 
Fish to Man, 1929; W. K. Gregory, Evolution 
Emerging, 2 vols., 1951; F. C. McLean and M. R. 
IJfist, Bone: An Introduction to the Physiology of 
Skeletal Tissue, 1955; W. F. Neuman and M. W. 
Neuman, The Chemical Dynamics of Bone Mineral, 
1958; S H. Reynolds, The Vertebrate Skeleton, 
1897; A. S. Romer, Osteology of the Reptiles, 
1956; A. S. Korner, The Vertebrate Body, 2d ed., 
1955; A. S. Romer, Vertebrate Paleontology, 2d 
ed., 1945. 

Skeletal system disorders 

The response of the bones to disease and injury is 
similar to that of other tissues of the body but is' 
modified to some extent by the unique structure of 
bone. 

Characteristics of bone. Bone is a living tissue 
which participates actively in the metabolic proc- 
esses of the body. There is constant interchange be- 
tween the calcium and phosphorus in the blood 
and that in the bone salt. The concentration ov 
calcium and phosphorus in the blood is in turn 
controlled chiefly by the hormone of the para- 
thyroid gland. Bone is composed of four main 
elements. Connective tissue fibers, similar to those 
in tendons and ligaments, give to it tensile strength 
and resiliency. These are impregnated with bone 
salt, a complex mineral compound which is similar 
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to. perhaps identical with, the naturally occurring 
mineral hydroxyapatite, Cain0H(P04)6« and which 
imparts compressive strength and hardness. Spe- 
cialised bone cells (osteoblasts, osteoclasts, osteo- 
cytes) control the relationship between the con- 
nective tissue fibers and the bone salt, and direct 
the local metabolic processes of bone. Blood vessels 
permeate the substance of even the densest portions 
of bone, providing nutriment and assisting in repair 
if damage occurs. See Parathyroid gland. 

Disease of the skeletal system may be classified 
under five main headings: congenital and heredi- 
tarv defects, fiactiires. infection (osteomyelitis), 
metabolic disease, and tumors. See Bonl; Bone 
RIOPHYSICS. 

Congenital and hereditary defects. In dyschon- 
droplasia and achondroplasia, bone growth is both 
retarded and irregular. See Achondroplasia; 
Dysc hondroplasia. In hereditary multiple exos- 
toses, irregular outgrowths of cartilage and bone 
appear at the growing ends of long bones. These 
outgrowths usual) > increase in size until skeletal 
maturitv is reached. Osteogenesis imperfecta is 
characteri/ed bv a deficiency in the number of bone 
forming cells (osteoblasts). The bones are fragile 
and susceptible to fracture to a degree depending 
upon the severity of the disease. In severe cases the 
infant^ skeleton is so delicate that it is crushed 
during passage through the biith canal. In osteo- 
petrosis the bones are excessively heavy and dense, 
diffeiing markedly from the thin delicate bones of 
osteogenesis imperfecta. The defect is also due to a 
deficiency of osteoblasts, and although increased 
quantities of calcium arc present the bones are ex- 
cessively brittle and, as in osteogenesis imperfecta, 
are susceptible to multiple fractures. 

Rarer congenital defects include abnormalities 
of shape or structure involving specific bones such 
as abnormally shaped vertebrae (platyspondylia), 
abnormally long hones of the hands and feet 
(arachnodactyly), deformity and shortening of 
the tibia (osteochondrosis deformans tibia), local- 
ized regions of abnormal density in bones (osteo- 
poikilosis), localized deficiency of bone formation 
in the skull and in the clavicle (cleidocranial 
dysostosis), deformities of growth of the bones of 
the lower arm (Madelung’s deformity), and en- 
larged pointed skull associated with defective sepa- 
ration of fingers and toes (acrocephalosyndactyl- 
ism). 

In rare individuals skeletal growth proceeds at a 
greatly retarded rate but is n<»rmal in all other re- 
spects, resulting in a tiny but perfectly propor- 
tioned individual known as an ateliotic dwarf. 

Fracture. Bone fracture may be either traumatic, 
if resulting simpiv from application of excessive 
force, or pathological, if occurring through a region 
of bone rendered weak as a result of preexisting 
disease such as a tumor, cyst, or osteogenesis im- 
perfecta. The fracture may be classified as to sever- 
ity, being termed simple if it is a clean break with- 
out penetration of the overlying skin, compound if 
the overlying skin is penetrated, and comminuted 
if the bone is .shattered into several fragments. 


When fracture occurs the broken ends become 
displaced, misaligned, or both. Other tissue, such as 
muscle or tendon, may become interposed between 
them and result in numerous blood vessels being 
broken and in the formation of a blood clot of vary- 
ing size. This clot was previously thought to pro- 
vide a necessaiy framework upon which healing 
could take place. This is no longer believed to be 
true. Not only is the clot unnecessary; it can, if 
large enough, seriously impede healing. The frac- 
ture may heal rapidly and normally (normal 
union), its rate of healing may be retarded (de- 
layed union), or it may never heal properly (non- 
union ) . 

Healing. Normal healing requires alignment of 
the fragments and close apposkion of the broken 
ends with removal of any intervening tissue, proper 
splinting to prevent motion of the broken ends dur- 
ing the healing process, adequate local blood sup 
ply at the fracture site, and good general bodily 
health. If these requirements are not properly satis- 
fied, bony unification of the broken ends is retarded 
or, in extreme cases, prevented. 

Two types of non-union are recognized, fibrous 
union and nearthrosis (new joint formation). In 
fibrous union, the broken ends are united by a solid 
but flexible connective tissue scar. In nearthrosis, 
a cystic space resembling a loint cavity develo^^^ 
between the poorly )oified ends. 

Osteomyelitis. Infection of a bone and its mar 
row cavity is osteomyelitis and may be either at utc 
or chronic. Althptigh use of antibiotics in recent 
years has led to decrease in its incidence and sevei 
ity. It is still a disease of major importance. Osteo 
myelitis nxay result from local injury to a bone or 
more commonly, infection may be carried to bone 
via the blood stream. Although any bone in the bod\ 
may be involved, the long bones of the arms and 
legs are most commonly affected. 

The organism responsible for most cases of a< utc 
osteomyelitis is the staphylococcus. Tuberculosis is 
the most common cause of chronic* osteomyelitis 
Syphilis, fungus disease, and leprosy occur but arc 
less common. 

The outcome of osteomyelitis, once established, 
depends upon the virulence of the causative or- 
ganism and the ability of the body to resist infer 
tion. Thus, in mild cases, healing mav occur without 
residual damage. In more severe cases a portion of 
bone or the entire bone may die. Such a dead por- 
tion of bone, termed a sequestrum, is gradually ab 
sorbed over a period of months or years, or it may 
be so large as to require removal by operation. In 
order to maintain its strength and form during this 
process, the bone forms a supporting shell around 
the sequestrum known as an involucrum. 

Complications of osteomyelitis include extension 
into an adjacent joint cavity to produce arthritis, 
spread of the infection to other organs via the blood 
stream, and. In growing children, retardation of the 
growth of the involved bone. 

Metabolic diseaeo. Metabolic disease of bone 
characterized by diminished calcium content ana 
increased fragility of the bqnes. In adults this r 



known as osteomalacia. In infants and children 
there is, in addition, retardation of skeletal growth 
and the condition is known as rickets. A special 
form of osteomalacia known as generalized osteitis 
fibrosa (von Recklinghausen's disease, hyperpara- 
thyroidism) is caused by increased activity of the 
parathyroid glands (usually from a parathyroid 
tumor ) . 

Most metabolic disease of bone may be traced to 
disparity between the body’s requirements for cal- 
cium and phosphorus and the amounts of these sub- 
stances that enter the blood stream dally. This dis- 
parity mav be caused by diminished absorption or 
increased bodily requirements. 

Diminished absorption may result from insuffi- 
cient calcium and phosporus in the diet or failure 
to absorb that eaten because of vitamin D deficiency 
or disease of the digestive system such as celiac 
di<«casc, sprue, or steatorrhea. Increase in bodily 
requirements is seen in chronic kidney disease and 
in overactivity of the parathyroid glands: in both 
cases the kidneys excrete abnormally large quan- 
tities of calcium and phosphorus. 

Tumors. Bone tumors occur most frequently in 
the adolescent and young adult, differing from tu- 
mors of most other organs which increase in fre- 
i)uen'’\ with advancing age. They mav be benign 
or malignant (cancer). The latter may be primary 
in bone or metastatic (spread from elsewhere in 
flic body) . 

Of the many types of benign bone tumors that 
have been described, the three most common are 
the osteochondroma composed of bone and carti- 
lage; the chondroma composed of cartilage; and 
the giant cell tumor composed of fibrous tissue 
and large cells with multiple nuclei. 

Moie than 25 different types of primary bone 
taiicer have been described. The 3 moat common 
are myeloma, characterized by overgrowth of 
plasma cells; .sarcoma, arising from cartilage, os- 
teoblasts, or fibrous tissue; and Ewing’s tumor, 
composed of cells of unknown origin. 

Meia.static bone cancer, although more common 
than combined benign and malignant primary tu- 
mors, is of lesser importance than the latter be- 
»diise it is frequently only an incidental terminal 
c\cnt in cancer already widespread throughout the 
hodv. Exceptions to this are some cases of cancer 
(>t the thyroid, breast, prostate, and lung, which 
may first spread to the bones before involving other 
'»rgans of the body. Sef Oncology; Skeletal sys- 
rr.M; Specialized TISSUE. [w.r.ad.] 

Skin 

The external covering, or integument, of the body. 

vertebrates, there are two layers, the outer epi- 
dermis composed of flattened epithelial cells, and 
file inner corium or dermis, formed by a fibrous 
elastic connective tissue in which there is a rich 
'supply of blood vessels, nerves, and accessory struc- 
tures. 

The outer portion of the epidermis consists of 
many layers of dying or dead cells; the inner por- 
is usually a single layer of germinating cells. 
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the stratum germinativum, which is in contact with 
the underlying corium. 

In many vertebrates distinct types of epidermal 
variations are found — the feathers of birds, the 
sf'ales of fish and reptiles, and the hair of mam- 
mals. In addition, the epidermis also may specialize 
to form different types of glands, including the 
sweat glands and oil or sebaceous glands of man 
and other animals. 

The integument has many important functions: 
protection; pliability and extensibility, which al- 
low movement; regulation of body fluids; waste 
excretion; regulation of body temperature; devel- 
opment of sense organs in the skin ; and the forma- 
tion of specialized accessory structures. See Integ- 
ument. fE.G.bT.] 

Skin disorders 

These include localized and generalized skin dis- 
orders as well as those of primary occurrence in 
the skin and those secondary to involvement of other 
tissue. Only the most common skin diseases will be 
mentioned. See Skin. 

Many authorities, particularly histopathologists. 
classify skin di.sorders on the basis of the layer or 
layers of the .skin which are primarily or princi- 
pally affected. Others categorize the same lesions 
on an etiologic basis. Still others attempt a clinical 
systemi/ation. Probably the most useful systems 
are combinations of all three points of view. 

There are many rather common skin disorders 
that so far have offered little evidence of their 
causes. Common examples include psoriasis, para- 
psoriasis, and lichen planus. The skin is the major 
recipient of damage from trauma of all kinds. Sun- 
burn, frostbite, lacerations, hematomas, thermal 
burns, and chemical irritations and burns are com- 
monplace. 

Skin conditions occurring in regions which have 
a large number of oil, or sebaceous, glands usually 
produce an increa.se in secretion so that an oily 
skin is characteristic. Acne is the most common ex- 
ample and probably results from endocrinologic 
imbalance and other factors. Rosacea is a chronic 
copdition seen in the middle-aged in which the mid- 
dle third of the face is commonly involved. Red- 
ness, papules, and oiliness are present. The cause 
is unknown, but emotional upsets are often in- 
volved. Seborrheic dermatitis is an inflammatory 
condition of the skin, particularly the scalp, in 
which greasy scales are formed. A mild form is the 
ordinary dandruff that occurs in many people. See 
Acne. 

, Well-known diseases such as tuberculosis, syph- 
ilis, and the less common sarcoidosis and lupus 
erythematosus have characteristic patterns of skin 
alteration that accompany pathologic changes in. 
other organs. See Syphilis; Tuberculosis. 

infectious etlolOKy. The skin is the site of di- 
rect and indirect involvement in many infections. 
The most common diseases produced by the pyo- 
genic, or pus-forming, bacteria include erysipelas, 
caused by Streptococcus hemolyticus; impetigo, 
caused by either streptficocci, staphylococci, or 
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both; folliculitis, which resultb from staphylococ- 
cal invasion of the superficial skin; and furunculo- 
sis, or boils, caused by several bacteria or combi- 
nations. See Staphylo(0(CTJs; STRi-PTOCOf rus. 

Viral infections account for many of the infec- 
tious exanthemas such as measles, chicken pox, and 
smallpox, and also for other disorders. They are re- 
sponsible for the formation of warts and may be 
implicated in certain other skin tumors. Viruses 
are also the agents of herpes simplex (fever blis- 
ters) and herpes zoster (shingles). See Animal 
virus; Chicklnpox and shinlles; Measles; 
Smallpox. 

Fungus infeitions include the superficial types, 
su( h as tinea or ringworm, moniliasis or athlete's 
fool, and similar disorders The infrequent but po- 
tentially dangerous systemic fungus infet tions such 
as actinomycosis, blastomycosis, and histoplasmo- 
sis often are marked by skin lesions. See A( iino- 
Mvrosis; Blasiomyiosis; His topi asm osis; Can- 
didiasis. 

Paiasites commonly cause skin conditions. Head 
and body lice, crab lie e, and scabies or “the ilch“ 
arc seen freqiienth in large metropolitan clinics. 

Noninfectious etiology. The term ec/cnia is 
generally used to include any noninfectious, inflam- 
matory lesion in which there are papules, blisters, 
and oo/ing of serum fr(»m the affected parts. Con- 
tact dermatitis, neiirodeimatitis, infantile and se- 
nile e< zemas, and similar conditions are usually in- 
cluded, but the category is used in many ways by 
various aiithoiities. See E( zlm a. 

The eivlhemas ate disorders in which the promi- 
nent feature is invohement of the vas<*ulature of 
the affet ted skin. Such involveinenl often produces 
a ( hara< teristic swelling, or edema, in these disor- 
ders and includes urticaria, or hives, which results 
from any of the alleigic agents. Other forms of 
erythema, which simply means redness, aie erv- 
thema multiforme and erythema noditsum. 

\ spec lal group of skin manifestations is that 
of the drug ei upturns Many individuals appear to 
be especidllv sensitive to ceitain medications and 
these conditions are cpiite common. Aspirin, the 
baibitiirates, the antibiotics, especially penicillin 
foinis, ecu tain laxatives containing phenolphthal- 
ein, and many others pioduce lesions whuh are 
foitunatelv quite often of a typical pattern. See 
Amibioik , Barbititrati>s. 

Skin lesions ate common in many psyc hic disor- 
ders These vary from simple pruiitiis (itching) to 
widespread. c*om pound lesions of great severity. In 
some neuroses there may be marked tendencies to- 
ward chronic excoiiation, or self-induced trauma of 
the skin; this is distinct from dermatitis factitia 
in whicdi a suiface wound is made in an attempt 
to gain attention, or for some other ulterior motive. 
The subtle ielationshi| between mind and body 
are far from understood and in the future many 
diseases of now inknown cause may be established 
as psM hosomatic disorders. See Neurosis. 

As the largest organ of the body, and because of 
Its luiu'tions and close relationships to other organ 


systems, the skin may reflect a great many changes 
inducted by diseases of those systems. Endocrine 
disturbances, vitamin deficiencies, cardiovascular 
diseases, diabetes, nephritis, vaiioiis malignancies, 
and certain blood dyscrasias may produce such var- 
ied symptoms as sweating, scaling, jaundice, hem- 
orrhages, and others. See Endoirine system; Vi- 

lAMlN. 

Primary tumors of the skin aie common and most 
often are of the benign varieties. Skin earner, how- 
ever, has one of the highest rates of incidence of 
any malignancy. Its siipeificial location and rela- 
tive ease of treatment also produce one of the high- 
est rates of cure, if diagnosis is made early. 

There are manv disoidcrs of pigmentation, rang- 
ing from the local appearance of freckles or birth- 
marks to pigmental V changes that reflect liereditaiy 
factors oi metabolic dysfunction. rt-L.si.| 

Skin diving 

Skin diving or free diving is that tec hnique of 
diving whic li employs swim hns, face mask, and com- 
monly, but not always, SeJl-Contained-Hndcrwater- 
Breathing- Apparatus (SCUBA), such as the Aqua- 
lung (Fig 1 ). Oiiginally. the term referred to the 
ac t of diving with only a swim suit, fins, and mask, 
the diver held his breath for the diitation of his stav 
underwater (usually 1 2 min). Howevei. with the 
almost universal acceptance of S(HIBA bv the skiff 
diver, and sinc’c this equipment also leituiics the 
diver tc» weai fins and fate mask, the leim is com 
monly used whem rcfeirmg to diving with vaiiouv 
tvpes of SCUBA*^and accesserry equipment such as 
exposure suits, camera, and sc icntifit ecpiijuncml 
The teirn applies to most tvpes of SCUBA diving 
regal diess of purpose, so long as the diver is in no 
way connected to the siirfac'e by lines or air hoses 



Fig. 1. A diver-scientist, equipped with an Aqualung 
and exposure suit, examining organisms in a rock bot- 
tom environment. Direct observations of this type using 
SCUBA provide valuable information to depths of 50 m. 
(Photo by R. F. Dill, U.S. Navy Eloctronies Laborofory^ 
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Free diving or SCUBA diving is used to some ex- 
tt'nr in most of the marine scientific (Fig. 2) and 
engineering investigations cunenlly being under- 
taken in dll environments, including the Arctic. The 
underwater observer is limited to about SO ra of 
water depth for physiological reasons when obtain- 
ing observations which require him to think clearly 
and to solve problems while submerged. Below this 
depth, when using compressed air as a breathing 
jids, he is limited, not by his equipment, but by the 
( omplex tempoiai v changes which take plat e in his 
hodv chemistry while breathing gas (air) under 
liigh pressure. Nitrogen enters the tissue of the 
|)(>d\ at higher rates and leaches highei concentra- 
turns when breathed under pressuie, the solubility 
going up with in( reased partial pressure. Under 
these higher concentrations in the bodv tissues, ni- 
tiogen has a narcotic* effect which dulls the diver's 
If a* lions If) simple problems, a definite danger if 
an unforeseen Off'uiienie takes place, and reduces 
111 - aliililv If) ffmfcnlrate on his scientific observa- 
liotis In addition to the naicotic effect, the di\Pf 
inii-t. upon retijining to the suifafe, allow his body 
fo desatuiate from its excess nitrogen (‘ontent (de- 



^*9 2. Divin 9 icientist about to drop into a submarine 
canyon to make observations of the rock formations 
°nd organisms they contain. The picture is token at the 
nm of Scripps Submarine Canyon in southern Colifor- 
In this area the wall just below the diver drops os 
^ dieer cliff to o depth of 180 ft before it reaches the 
oottom of the canyon. (Photo by R. F. Dill, U.S. Navy 
^i«ctronics Laboratory) 


compress). Too rapid a return to the surface would 
allow the excess nitrogen, which is in a super- 
saturated state in the cells and blood, to pass 
beyond the ‘"bubble point.” Small bubbles of gas 
form in the body tissue, causing the “bends” oi 
caisson disease, one of the worst maladies of div- 
ing. Tables containing permissible rates of ascent 
and time allowable at different depths are available 
from the U.S. Navy Experimental Diving Unit, 
Washington, D C. Breathing a mixture of helium 
instead of nitrogen with oxygen can increase the 
diver’s ability to think underwater, but owing to 
the expense and difficulties of handling the special- 
ized diving geai and breathing mixtures needed for 
this type of deep diving, it is not at the present 
time prai tical for SCUBA use. 

By using SCUBA, trained divers are no longer 
restiic ted to the sea surface but are able to investi- 
gate underwater problems first hand. Fiee diving 
or SCUBA diving is used as a too] in solving off- 
shore problems, in muc h the same wav as is 
Of *ea nographic instrumentation for underwater in- 
vestigation. bre SCUBA; liNDkKWArLR CHorooKA- 

PHY. I R.f .DI.l 

Skin effect 

The (*rowding of high-frequency electric current 
into d thin surlacc layer of a conductor. 

For a steady unidirectional flow of electrieitv. 
the cunenl is iiniformU distributed over the cross 
section of a uni form conductor, that is. the <*urrent 
density (current per unit area) is the same at all 
points in a cross section. For an alternating cur- 
rent, there is no longer this simple uniformity, but 
rdtlier the current density is greater near the outer 
surface than at the center. The magnitude of the 
non uniformity increases as the frequency rises. 
For low frequencies, the effen is very small, but 
at frequencies for which the wavelength within the 
conducting material is comparable with the dimen- 
sions of the conductor, or smaller, the entire cur- 
rent may be considered to be within a relatively 
thin surface layer. 

The skin effect is largely due to self-induced 
electromotive forces (emfs) which are different for 
different paths within the conductor. These emf’s 
increase with frequency, since they depend upon 
the rale of change of flux. The emf’s are smallest 
for paths that link the smallest flux. The internal 
linkages decrease as the frequency increases, and 
for infinite frequency there would be no interna] 
linkages. For this condition, the skin effect may be 
called complete. 

. The skin effect results in a resistance for a con- 
ductor that is greater for an alternating current 
than for a direct current, since the effective <*ross 
section of the conduetor is decreased. Also, the 
resistance varies with frequency, increasing as the 
frequency rises. Again, this behavior follows from 
the decrease in the effective area of the conductor. 

rK.V.M.l 

Bibliography: S. S, Attwood. Electric and Mag- 
netic Fields^ 3d ed., 1949; M.I.T. electrical eng. 
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Btai!, Electric Circuits^ 1940; L. Page and N. I. 
Adams, Principles of Electricity, 3d cd., 1958; 
E. R. Peck, Electricity and Magnetism^ 1953. 


Rapraiontativo Intracutanooua diagnoatic akin taata 

Name of teat Material and Readings and 

and use administration interpretation 


Skin friction 

A type of friction force which exists at the surface, 
or skin, of a solid body immersed in and in motion 
with velocity u\ relative to a much larger volume of 
fluid, as illustrated. The magnitude of skin friction 
per unit surface area, the shear stress r,i, was 
equated bv Isaac Newton to the rate of distortion 
of an adjacent fluid element, (di//dy), 4 , times a 
transport property of the fluid called the viscosity 
coefticient p ( 5 ee ViscobiTY of gases). Such flow 
distortion is significant only in a thin boundary 
layer, which may Ik* laminar or turbulent and out- 
side of which, with y greater than 8 (x), the motion 
is essentially in viscid. 




inviscid outer 
Row 

' 1 '"' 

8(x) 

1 

//(v) / 

/ k 

roundary layer 




body skin 


Boundary-layer velocity profile. 


The skin friction birce contributes directly to the 
diag of the body ; it also contributes indirectly be- 
( aiise. by its ai tion, the inviscid outer flow mav be 
modified with effect upon the pressure distribu- 
tion. Conveniently, although far from completely, 
it has been possible to i elate the skin friction (fuan- 
titativeK to conditions of the outer flow, such as its 
velocity, viscosity, density, and Mach number, and 
to bodv size and shape. 

Because skin friction does work upon the fluid, 
its action in gases at high speeds tends to produce 
high temperatures in the boundary layer, which lead 
to the problem of cooling the skin. See AhROTHhR- 
Mon\^AMI^.s,• Boicvdary-layer flow; Hyper- 
sonic FLIGHT. rB.M.L.l 

Bibliography \ L. Prandtl, Essentials of Fluid 
Dynamics, 1952; H. Schlicting, Boundary Layer 
Theory, 1959. 

Skin test 

A procedure for evaluating the immunity status, in- 
volving the introduction of a reagent into or under 
the skin. The table shows representative intracuta- 
neous diagnostic skin tests. 

Certain toxic antigens applied in minute doses 
will give a \isible, but readily tolerated, lesion 
if less than a threshold amount of antibody is 


Sc'hick test (for 
determining 
suRcc'ptibility 
to diphtheria) ; 
liositive lest 
presumptive 
of lac*k uf 
immunit y 


Dick lest (for de- 
termining BUS* 
ceptibiiity to 
Bcailet fever), 
positive lest 
presurnplive 
of luck of im- 
niiinity to iht' 
erythrogeuie 
toxin 

Frei test (for 
IvmphogrHnu- 
loiuu venereum 
infection)* 


TulM»reiiliii test 
(foi tubercu- 
losis inieclion)* 


Diieiey lest (for 
venereal discMse 
due to //aemo- 
philw) ducreyi)* 

Brucellergc'n lest 
(for Brucella 
infect ion) • 


Trirhinellu test 
(for trichi- 
nosis) * 


0 1 ml diluted 
diphtheria toxin 
iiitraderroally , 

0 1 ml heated 
toxin in oppo- 
site arm as 
control 


0 1 ml diluted 
streptococcus 
erythrogenic 
toxin intrader- 
iiinlly 


0 1 ml chick-em- 
bryo cult me of 
antigen (Miva- 
gawanelln Ivm- 
phogranuloma- 
lasts) intru- 
dermiilly , 0 1 tnl 
normal yolk sni 
material on oppo- 
site arm as i oiitrol 


Either purified 
protein deriva- 
tivi* (PPD) or 
old tula*rrulin 
(OT); 0 1 ml of 
suitable dilution 
intradermally 
0 1 ml of killed 
rultuie intra- 
dermally 


0 1 ml of an ex- 
tract of Brucella 


0 I ml of worm 
extract intra- 
dermally, with 
saline control 


Score as positive 
or negative after 
48 hours, a posi- 
tive reaction 
shows edema 
and usually 
scaling for 7 
days; the con- 
trol permits 
evaluation of 
sensitivity to 
bacterial protein 
Read between 
18-24 hours, 
(lositive lest re- 
quires an ery- 
thema over 10 
mni in diameter 


Read at 48 and 
06 hours, posi 
live reaction n 
quires papule 
greater tliaii 6 
rnin, with lesser 
reaction for ton 
trol, reac’tion 
may be negate e 
during first 1 6 
weeks of inter 
tion Hyper sen- 
sitivity mav 
persist for life 
Read in 36 (8 
hours, noting 
diameter of nsl- 
ness and swell 
ing, hypersensi 
tivitv may be 
persistent 
Read in 47 hours 
positive tr»sl re 
quires an area of 
induration in 
excess of 7 nini 
Head after 48 72 
hours, jiositive 
lest requires er- 
ythema with an 
induration of at 
least 1 cm, 
should lie evalu- 
ated in connec- 
tion with other 
clinical data 
A positive reac- 
tion usually ap- 
pears as a wheal 
with pseudo- 
pods within 20 
min; some indi- 
viduals may ex- 
hibit a delayerl 
reaction, evi- 
dent only 
24 hours 


• In all these instances, within the serologic specificity 
of the test, a positive reaction is presumptive evident oi 
past or present infection with the specific mioroorganisni 
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present in the skin. Examples are the Schick test 
for diphtheria antitoxin and the Dick test for scar- 
let fever antitoxin. If sufficient antibody is present, 
the toxin will be largely or completely neutralized, 
and the lesion will be minimal or absent. False 
positive reactions occur in allergies to the reagent 
toxin, but these can be controlled with inactivated 
toxins. Other tests involve substances that are not 
reactive with normal individuals but give a visible 
skin reaction in the presence of antibodies ac- 
{|iiired as a result of hypersensitivity or allergy to 
an infecting organism. A positive reaction is thus 
presumptive for previous contact with a specific 
infectious agent, foi example, the tuberculin and 
Mantoux tests for tuberculosis, and the Mallein test 
for glanders. Because of persisting, often life-long, 
hypersensitivity a positive skin test may be elicited 
perhaps years after active infection has ceased. In 
a few instances, antibody may be injected as a re- 
agent and the neutralization of toxins present in 
ihf skin obser\ed, as in the Schultz-C4harlton 
hlamhing test in scarlet fever. See Brucellosis; 
Diphthtria; Giandfrs; T ympuocranuloma vf- 
NFHirM; ScARlFl FLVFR; SOF T (IIANLRL; TRICHI- 
NOSIS; Tubfrcuiosis. FiiP-r-l 

Hihliofftaphy: M. f. Fel<zdr and R. D. Reid, Mi- 
(lubiofogy, 1958. 

Skink 

\nv of about 600 species of smooth-scaled lizards 
ot the family Seine idae, with 30 recognized genera. 
1 of which are found in the United States. They 
arc most common in the Eastern Hemisphere, espe- 
( iall\ in the P^ast Indies and Australia. 



The blue-tailed skink, Plestiodon fasciatus; length to 
10 in. (From E. L. Palmer, Fieldbook of Natural History, 
McGraw-Hi//, 1949) 


Most skinks produce living young, but a feW|}ay 
pggs. Within the family there is a strong tendency 
toward reduction of the limbs, and there are many 
legless forms. Others have weak or vestigial limbs. 
Skinks also show a strong tendency to break off 
their tails voluntarily when attacked by an enemy, 
and eventually to regrow a stubby tail to replace 
the lost one. 

Best known is the genus Eumeces^ represented in 
the United States by 15 species, most of which are 
brightly-colored terrestrial forms, but some live in 
trees. The hard, slick, shiny appearance, caused by 
the flat, smooth, and overlapping scales, readily dis- 
tinguishes the skinks from all other lizards. See 
I-i^ard; Rlptilia. fj.D.B.J 


Skull 

The bones of the head which form the cranium and 
the face. In man the eight cranial bones which 
form a hollow, protective brain case include the 
occipital, sphenoid, ethmoid, and frontal, as well 
as the paired lateral, temporal, and parietal bones. 
P'ourteen facial bones include the vomer, man- 
dible (lower jaw), and the paired nasal, lacrimal. 


coronal 



Lateral view of human skull. (From W. T. Foster, Anat- 
omy, Foster Art Service) 


7y gomatic ( cheek) , palatine, maxillae ( upper law ) , 
and the inferior turbinates of the nasal passage. 
Skull articulations are generally fixed, serrated 
sutures. The skull base contains openings, or foram- 
ina, for blood vessels and nerves. Certain bone 
segments are hollow and form the air sinuses such 
as frontal, maxillary, and mastoid. 

The development of the skull affords one of the 
major clues to classification of the vertebrates be- 
cause quite typical features are seen in each major 
subdivision of the phylum. See Animal evolution. 

[E.C.ST.] 

Skunk 

Any of several \merican carnivorous mammals of 
the family Mustelidae, characterized bv scent 
glands which produce a liquid of strong odor, 
sprayed at enemies as a defensive measure. All 
the skunks are gaudily marked in black and white, 
a pattern often described as an example of warn- 
^ing coloration (see Protective coloration). 
Except for coyotes and great horned owls, which 
prey upon them regularly, skunks are carefully 
avoided by most other animals. Their diet is pri- 
marily small animals, including insects, but they 
eat considerable plant material. They are beneficial 
because of their destruction of rats, mice, and in- 
sects. The fur is durable and beautiful. 
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The common skunk, MephiUs mephitis, length 30 in. 


There aie three goneia of skunks: Mephitis, the 
common skunks; Spilogale, the spotted skunks; 
and ConepactuSy the rooter skunks The first two 
are common over murh of the United States; the 
latter is southern in distribution. See Carnivora: 

Sci-NF Crl.AND. ( J D.n.l 

Skutterudite 

A mineidl with composition (Co,Ni)AS< (c'obalt 
and nickel aisenides), an oie of cohalt and 
nickel It crystallizes in the isometric system, and 
crystals mav show the cube, octahedron, and dodec 
ahedron but are rate. More c'ommonly the mineral 
is massive with metallic luster and tin white c’olor 
The hardness is and the specific gravity 6.6. 

The name smaltite, with composition given as 
CoAsj, is common in niineralogic al literature, but 
it has been shown that this mineral exists onlv as 
a mixture having skutterudite as a principal in- 
gredient Skutterudite is found in veins formed at 
moderate temperatures and is associated with co- 
haltite, niccolite, arsenopyrite, native silver, and 
bismuth Famous localities are at Freiberg, Anna- 
berg, and Schneeberg in Cerrnanv, and at Cobalt, 
Ontario. Sf e Corai t ; Nic kri . [ r .s.hi J.] 

Slate 

A group name for vaiious verv fine-grained rocks 
derived from mudstones, siltstones, and other 
c-layev sediments as a result of low-degree regional 
met amor ph ism. Highly characteristic of slates is 
the perfect fissi]|t> or slaty cleavage which is a 
regular and perfect planar schistosity, the slates 
themselves thus grading into phvllites .See Clfav- 
AGF, ROCK; MfIASTORCHIC ROCKS; PhYLLITF; 
ScHISroSlTY, ROCK. 

Development of slaty cleavage. The manner in 
which slaty cleavage develops is best illustrated bv 
ordinary argillaceous sediments and bv some fine 
volc'dnic tuffs. Other types of sediments, calcareous 
Of qiiartzitic, may oc'c asionallv show a similar 
cleavage but of a less perfect type. Original semi- 
spherical bodies (for example round fossils) which 
have been sheared during the deformation of the 
rock afford by their distortion some measure of the 


deformation. In a usual roofing slate the ratio of 
the semiaxis alblc is frequently about l.S: 1:0.4. 
There has been, therefore, a great compression of 
the rock in the direction perpendicular to the 
cleavage planes and a certain elongation along 
the cleavage planes in the direction of the dip 
(Figs. 1 and 2). The mineral constituents are fine- 
grained and cannot be disc erned by the naked eye. 
With the microscope it can be seen that a large 
part of the rock is made up of thin flaky plates of 
musc'ovite or chlorite set in subparallel position. 
These minerals have reciystallized, that is, they 
have grown during the low-grade metamorphisni 
suffered by the slates. It is of general interest in 
the study of the fabric of rocks that crystals grow 
with the axis of best theimal conduitivitv perpen- 
dicular to the isotherms, and, more importantly, 
with the axi*- of largest compressibility along the 
pressuie gradient. Theieforc, the nc‘wl\ formed 
iiystalloblasls of must ovite. chlorite, stilpnome 
lane (all being phyllosilkates exhibiting the char- 
acteristic sheetlike natuie in their c'rystal strut 
tiire), all orient themselves, as thev grow, in flaky 
crystals sitting on the planes of slaty cleavage'. thn>^ 
highly accentuating the cleavage. One may distin 
giiish bc'tween, on the one hand, parai lyslallinc 
and pi ecTvstalline deformation commonly identific'cl 
by iindefornied aligned flakes of mu a and c hlf»rite 
which trystallized during or later than the flq) 
movements: and on the other hand, postc rystalliiu 


/ 



Fig. 1. Cleavage in banded slate. Folded rock stroc 
tore near Walland, Blount County, Tennessee. •(U$GS 



Fig 2 Detail of cleavage in folded structure beds 
showing small horizontal bed of quartzite in west- 
wordiy overturned plications and quartz vein in slaty 
cleavage dipping east. Scale shown on photograph is 
4 m Rutland County, Vermont. (USGS) 

TiKivcnients paitidlK dlignin^ tdvorab1> situated 
flakes of mil a and < hlorite whic h herome bent and 
resisted in the proress. .See Sif i( 4TF MINI KALS. 

Mineral constituents. The chief mineral<i of 
''lales are musiovite fas sericite), chlorite, and 
quart/ (loinmon accessories are tourmaline, rutile, 
epidote, sphene. hematite, ilmenite. Slilpnomelane 
has been shown to be a maior constituent in many 
''latelike rocks in southern New Zealand. Stilpno- 
melarie has a position between chlorite and the 
‘la\ minerals, and ma> have a wider general dis- 
Inhution in low-meiatnot phic rocks than has usu- 
allv been recognized. 

Uses. Slates are widely used for roofing pur- 
poses They are easily prepared and fixed, are 
weatherproof and dm able, and in many areas.iAre 
cheaper and better than any other thatching ma- 
*mais. 

The active slate-producing districts in the United 
‘states are the Monson (Maine) district; the New 
York Vermont district (including Washington and 
Jutland Counties: the Lehigh district. Peach Bot- 
tom district, and Berks County, all in Pennsylva- 
Harford County, Md.; and Buckingham and 
^Ihematle Counties, Va. There are also important 
'ludiries in England (Devon, the I.ake district), 
Wales, Scotland (Ballachulish), Ireland 
* Kilkenny), France (the Ardennes), Bohemia. 
^'CMiiany (near Coblenz). 

^he making of slates is still performed by hand 
Using chisel and mallet. Big slabs are split into 
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separate slates, the thickness of which varies with 
the size required and the quality of the rock. An 
average roofing tile of the best kind of rock is 
about 5 mm thick. The slates are afterward 
trimmed to size either by hand or bv means of 
machine-driven rotating knives. See Quarrying: 
Stonl and sioNfc pRoiiuns. fr.i-.w.B.] 

Sleep 

Although sleep involves changes in almost evi»r> 
system of the body, it is most conspicuouslv <*hdr- 
acterized by (11 a relaxed position of the musi'ula- 
ture, (2) relative immobility, (3) elevation of sen- 
sory and motor thresholds, and (4) termination 
through spontaneous awakening nr piematiire 
arousal by any sufficiently compelling stimuli. The 
last item of definition is paiticularly important 
since it allows normal sleep to lie clearly differ- 
entiated from comatose states, anesthetized states, 
and hypnotic fiances These lattei sleeplike stales, 
although the> shaie a great number of the phvsio- 
logical characteristics of sleep, neither alh^w the 
affected organism to awaken spontaneouslv not 
permit simple arousal bv a wide range of non- 
specific stimuli. See Hypnosis. 

Insomnia. Insomnia or, mote (‘oirei ttv. hyposoni- 
nia represents one of the commonest disi options ot 
the normal sleep-wakefiilness cycle. This disrup- 
tion is characterized by the lessening of either the 
depth, the duration, or hotli depth and duration of 
the individiiars typical sleep peiiod. A shorter 
duration of sleep is what Is most tvpicallv referred 
to in the lay use of the term insomnia. Although 
insomnia can be categorized in manv different wavs, 
one of the commonest breakdowns is at. cording to 
the time during the usual sleep period when the 
wakefulness occiiis. Thus, predoimitional insomnia 
rcfcis ti> wakefulness when it persists during the 
beginning of an attempted sleep period, while 
intermittent and terminal insomnia lefer to periods 
of wakefulness occurring during and at the end of 
the usual sleep period respectively The potential 
causes of insomnia are too extensive to permit in- 
dividual listing. Any form of pathology that pro- 
hibits complete relaxation can lead to insomnia. 
Thtre are, in addition, some medical conditions 
not involving apparent subjective discomfort that 
also predispose to insomnia, such as, hypertension, 
cardiac dysfunction, uremia, and poorly controlled 
diabetes. These conditions presumably cause in- 
somnia by producing a level of central nervous 
system activity that is not compatible with sleep. 
Any process that contributes input to the central 
nervous system (CNS) favors wakefulness. This is 
clearly the mechanism by which various forms of 
environmental stimulation contribute to insomnia. 
The commonest cause •of insomnia, “an overactive 
mind,“ represents intrinsic CNS activity which in 
itself is incompatible with the development of sleep. 
See Metabolic disorders ; Nervous system. 

Hypersomnia. The opposite of insomnia is hyper- 
somnia which is excessive depth, frequency, or 
duration of sleep. This condition is a much rarer 
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disruption of the normal, slecp-wakefulness rhythm 
than is insomnia. Hypersomnia must raise the sus- 
picion of endocrine or neural pathology until 
proven otherwise. However, cases having a purely 
psychological etiology have been reported. The 
best known cause of hypersomnia is epidemic or 
lethargic encephalitis or, as it is popularly called, 
sleeping sickness. This infectious disease is pre- 
sumably caused by a virus invasion of the nervous 
system, and autopsies reveal diffuse and variable 
small lesions throughout the CNS. The basal gan- 
glia and paraventricular gray matter in the mid- 
brain arc particularly prone to involvement. Not 
all c*ases of this form of encephalitis show somno- 
lence and many symptoms other than hypersomnia 
occur. Epidemics of this disease were reported in 
various parts of the world until 1926, when they 
apparently stopped. See Bkain; Sl^kping sick- 
ness. African. 

Duration of sloop. The duration of sleep, even 
under normal circumstances, varies considerably 
from individual to individual and from time to time 
in the same individual. However, averages from 
large samples reveal systematic curves of total 
time spent in sleep by individuals of different ages. 
The average for the newborn is about 18 hours; by 
5 years <»f age onlv 12 hours of the 24-hour period 
are spent in sleeping: and by the late teens most 
individuals have arrived at the typical adult pat- 
tern of sleeping about 9 hours. That cultural factors 
may help determine the duration of sleep is sug- 
gested by the fad that a study of .lapanese <*hildren 
reveals that ihev average about 1 hour less sleep 
than American children of comparable age. Data 
on total sleep time obscure the important addi- 
tional fad that the number of periods of sleep also 
changes as a function of age. In the adult and 
older child, all the needed sleep is customarily ob- 
tained in one nighttime period. Such individuals 
are said to be in a monophasic sleep cycle. Younger 
children and infants, so-called polyphasic sleepers, 
cumulate their needed quota of sleep in two or 
more sleep periods, depending on theii age. Many 
h»wer animals, even when fully matured, persist in 
the polyphasic sleep pattern. However, there are 
species excepitiuns to this rule. For example, ca- 
naries and some species of snakes have a mono- 
phasic sleep pattern. 

Depth of sleep. The depth of sleep is apparently 
not a simple curvilinear function across the sleep 
period as might be imagined from superfi<'ial ob- 
servation of a sleeping individual. Measurement of 
vai tables that are thought to change with depth of 
sleep show that the depth of sleep fluctuates in an 
ii regular manner even when the individual is ap- 
parently sound asleep. Depending on which physio- 
logical criteria are used estimates vary as to just 
when during the sleep period the greatest depth of 
sleep occurs. It seems that no single physiological 
index is an infallible measure of depth of sleep. 
Contrary to public myth, there is no convincing 
evidence to indicate the first few hours of sleep to 
be necessarily the most restful. For example, heart- 


rate deceleration and rise in electrical skin resist- 
ance suggest that the maximal depth of sleep oc- 
curs during the third quarter of an 8-hour sleep 
period, while auditory thresholds vary in a manne? 
to suggest that maximum depth of sleep is present 
at scattered times over the course of the entire first 
half or more of a night's sleep. Comparably, mo- 
tility of the sleeper is reported to be less during the 
first half than the second half of a night’s sleep. 
On the other hand, lowered blood pressure and 
elevated carbon dioxide in alveolar air do suggest 
that the deepest sleep is during the earliest hours 
of the sleep period. Perhaps depth of sleep would 
be more accurately measured by .some method of 
summing the various indices. 

Physiological changes. The physiological 
changes accompanying sleep are more numerous 
than those just mentioned as indices of depth of 
sleep. There are, for example, widespread changes 
in the body musculature The eyes are commonlv 
diverged laterally. This is thought to represent the 
position of the eveball when all extraociiiar muscles 
are equally relaxed. At the same time, the pupils 
are constricted, whi<*h is the opposite of what 
would be expected of the iris muscle if it were 
simply reacting lo being in the dark. 

The general, skeletal musculature is clearlv more' 
relaxed in sleep than during the waking state, but 
it is far from being flac'cid or completely lackiiif^iii 
tone. Sleepers can maintain various postures dm 
ing sleep; the lightly clenched fist of the sleeping 
infant is a dranmtic example of the fact that some 
considerable degree of muscular tonus is not in 
c<»mpatible with sleep. The well-controlled sphirit- 
ters of the adult sleeper are further evidence in 
this direction. Clearly, the niiisciilature during 
sleep is far removed from the totally noninnerxated 
state seen in the flaccid parahlic. (]oin<*ident with 
the relative decrease of normal tonicity or hvpo- 
tonia that is present, reflex thresholds are high. 01 
particular interest in this respect is the repcirt that 
in some individuals, during very deep sleep, the 
Babinski reflex, or extension of the great toe upon 
stroking the sole of the foot, becomes positive, 
presumably indicative of a low level of cerebral 
cortical activity. See Revi.f.x, unconditioned. 

Sensory thresholds are also elevated during sleep. 
In contradistinction to comatose states, however, a 
sufficiently intense stimulus can be perceived by 
the sleeper and premature arousal results. 

Core body temperature, typically at its peak in 
the late afternoon, falls gradually during sleep, 
reaching its minimum during the early morning 
hours. Most typically, this diurnal temperature 
curve starts its rising phase somewhat prior to 
awakening. 

The electroencephalogram also varies systemati- 
cally with sleep. Although there is variability in de- 
tails from record to record, there is, among other 
reported changes, a typical shift from the predomi- 
nant alpha rhythm (waves of approximately 
10/sec) seen in the resting individual over to the 
larger and slower (0.5-5/scc) delta waves that are 



characteristic of sleep. This shift reverses itself on 
awakening. See Electroencephalography. 

Although it is generally agreed that resfiiratorv 
changes are a common c(mromitant of sleep, the 
pattern of change varies considerablv between in- 
dividuals and even within individuals. The most 
constant finding is increased regularity of breath- 
ing. Whatever the pattern of respiration may be in 
a given case, it is common to find increased partial 
]>ressure of carbon dioxide both in alveolar air and 
in the serum along with pTI shifts of the blood. 
These observations have led to the suggestion that 
during sleep the respiratory center of the medulla, 
along with the rest of the nervous system, is less 
efficient and thus performs its homeostatic duties 
less aci-iirately. 

This by no means exhausts the list of physio- 
logical changes that have been reported to oc<*ur 
during sleep. Practically every system in the body 
has been found to change in some manner. 

Evolutionary theory. The most comprehensive 
and widely accepted theory of sleep and wakeful- 
nes*. is N. Kleitman’s evolutionary theory. Its point 
(»f defiarture is the manner in which the polyphasic 
sleep cycle gives way to the rnonophasic pattern as 
a function of b<ith phylogenetic and ontogenetic 
dc*.e|<>pnicnt. According to this theory, the wake- 
ful nesw associated with jrolvphasic sleep which is 
( hanicteristic of lower animals and younger mem- 
hcfs of higher animal groups is to be viewed as a 
“wakefulness of necessjtv.” Such short-term wake- 
fulness is said to be maintained by a subcortical 
mechanism which is in turn activated by simple 
affiTenl impulses. Particular emphasis is given to 
the importance of sensory impulses arising in the 
\is(era and the muscles, tendons, and joints whirh 
« ontribiite to the activity of the subcortical mech- 
anisms. (Contrastingly, the longer-term wakefulness 
assoc iated with rnonophasic sleep cycle which is 
characteristic of the adult forms of the higher ani- 
mals is regarded a,s a ‘‘wakefulness of choice.’' This 
more advanced form of wakefulness is considered 
to lie learned and to represent the organism’s ad- 
aptation to the 24-hour light-dark cycle. As such, it 
is thought to involve a cortical mechanism which, 
as a result of experience, comes to exert some 
control over the more primitive subcortical mech- 
anism. Experiments involving prolonged wakeful- 
ness, as well as the observation of individuals’ sleep 
habits when day and night cues are absent, indicate 
ihat the rnonophasic rhythm, once established, can 
cycle itself autonomously for a considerable period 
*>f time without benefit of the cues which helped 
••‘'talilish it. 

Neural mechanism. Knowledge of the neural 
mechanism responsible for sleep and wakefulness is 
in substantial agreement with the evolutionary the- 
^<ry. The most important system in the CNS in this 
tegard is the ascending reticular system. This sys- 
tem is subcortical and for present purposes is best 
regarded as a meehaniaro for maintaining wakeful- 
ness. It acts to maintain the higher levels of the 
nervous system, particularly the cerebral cortex, in 
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a state of activity compatible with the performance 
of its waking functions. The reticular system itself 
is capable of being activated by at least two routes, 
by any sensory input to the CNS or by direct path- 
ways from the cortex Itself. It is thought that in 
the absence of such support, the reticular system is 
unable to maintain a suitable level of nonspecific 
activity in the higher nervous system. In such a case 
drowsiness and eventually sleep would thus result. 
Certain localized sleep and wakefulness centers 
appear to be located either in the thalamus, or the 
hypothalamus, or in both, but their relation to the 
reticular mechanism is not clear. Removal of the 
so-called wakefulness center in the region of the 
mamillary bodies, in the hypothalamus of the brain, 
results in somnolence and this may mean that the 
center is simply an area having particularly strong 
arousal effects on the reticular system. Alterna- 
tively the somnolence might be the indirect result 
of the fall in bodv temperature that accompanies 
such a lesion. There is some evidence to suggest 
that the hvpothalamic sleep center functions by 
having an inhibitorv effect on either the waking 
center or on the relic*ular system itself. See Body 
RHYTHM. Ir.A.M.J 

Bihlwfiraphv: N. Kleitman, Sleep and Wakefid- 
ne.w, 1939. 

Sleeping sickness, African 

An endemi(‘ and occasionally epidemic infectious 
human disease which is progressive and usuallv 
fatal if untreated. It is caused by either of two 
protozoan species. Trypanosoma gambiense or T, 
rhodesiense^ and transmitted by the bite of the 
tsetse fly (Glossina) . The disease is also known as 
African trypanosomiasis, maladie du sommeih and 
Srhlafkrankheit, See Diptera; Trypanosom at- 
IDAE. 

Symptoms. Clinically it is marked by an initial 
skin lesion, often iinperceived : fever, particularly 
at the outset; generalized enlargement of the 
lymph nodes; skin rashes; cardiovascular disturb- 
ances, edemas, and a variety of neurological mani- 
festations of the central nervous system which be- 
'rome more marked as the disease progresses. 

Epidemiology. Trypanosomiasis exists only on 
the African continent and a few adjacent islands, 
and even there is restricted within the tropics, 
roughly from 15® North to 20° South latitude. 
Similar diseases exist enzooticallv, that is, in ani- 
mals. The trypanosomiases, human and animal, 
have their own history, but of more interest is their 
continuing influence on the history of tropical Af- 
rica. It is estimated that in about half of an area of 
some 4, .500,000 square miles draft animals are vir- 
tually absent, and until the advent of mechanicdl 
power both agriculture and transport had to de- 
pend on human power. Both the Arab and the Por- 
tuguese conquests of tropical Africa were stopped 
chiefly, it is believed, through decimation of horses 
by “tsetse disease.*’ The protein malnutrition of 
tropical Africa can be traced in part to the partial 
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Trypanosomes in brain substance. T. rhodesiense, 15- 
30 microns long by 1.5-3 microns wide and with a 
serpentine outline, is visible in the tissue, where it is 
readily distinguished from the irregularly rounded 
brain-cell nuclei. 

vegetarianism enforced on a society in which it is 
impossil)lc to rear the common meat-producing ani- 
mals. The problem i.s by no means solved; in 1956 
it was stated by the British Medical Journal that 
“the tsetse fly infests 280.000 out of a total of 
640,000 square miles of Kast Africa; in the last 25 
years measures to control it have produced a net 
gain of only 3% in land cleared permanently of the 
fly.” Human trypanosomiasis has been much re- 
duced. hut the measures employed are far from 
optimal since they are often temporary and of a 
type requiring short-term renewal. In part they 
depend on closing large tracts of land to human 
settlement, a procedure which, never unobjection- 
able. remains feasible only so long as the continent 
is underpopulated and underdeveloped. 

Treatment. Treatment with organic arsenical 
compounds, such as tryparsamide or inelarsen HAL, 
may be effective at all stages of the disease; the 
noninetallir compounds such as antrypol (Bayer 
205) and pentamidine now in wide use are virtually 
useless against pronounced brain and spinal cord 
involvement. The last two compounds are used pro- 
phylactically to prevent infection. Such chemopro- 
phylaxis has proved a satisfactory, if temporary. 

\w v.v7t\vi\w F.TadicAtion of 

ttlsto wilj control liumun trypunoHoniiiiKiM; 

the problem is complex, and the required measures 
vary according to the habitat of the species of 
Closaina in cause. See Parasitology, medical. 

r j 

Bibliography. D. Weinman, The Trypanosomi 
uses of Man, vol. 5, 1950. 


Slide rule 

A mechanical analog computing aid which is used 
extensively for multiplication and division and to a 
lesser degree for looking up functions. In its most 
common form a slide rule consists of a body formed 
from two parallel members rigidly fastened to- 
gether, a slide which can be moved left or right be- 
tween the body members, and a transparent indica- 
tor which carries a hairline and can be moved left 
or right over the face of the body and the slide. 
Scales are provided on the body and the slide as 
shown in the illustration. 

The C and D scales, used for multiplication and 
division, are graduated from 1 on the left to 10 on 
the right, with intermediate rHinibc^rs distributed 
logarithmically. Multiplication on a slide rule is 
based upon the fact that the product of two num- 
bers can he obtained by adding the logarithms of 
the two numbers and then taking the antilogarithni 
(.see I^ouARiTHM ). To perform multiplication, the 
index on the slider is aligned with the graduation 
on the body that represents the multiplicand, and 
the indi(‘.ator hairline is placed over the position 
on the slider that represents the multiplier. The 
product appears under the hairline on the body. 
The illustration shows the positions of the body, 
slider, and indicator for performing the miillipJi- 
cation of 1.5 by 2. ^ 

Division, which is accomplished by subtraction 
of the logarithm of the divisor from that of the divi- 
dend. is perform^ in reverse sequence to multipli- 
cation. Thus, in the illustration the indicator would 
he set over the dividend ( 3) as read on the 1) scale, 
and then the slider would be moved until the divisor 
(2) as read on the C scale also appeared under the 
hairline. The quotient (1.5) then appears on the I) 
scale opposite the index on the slider. 

Numbers for which graduations do not exist mu.st 
be estimated by eye, and a rough mental calcula- 
tion must be performed to determine the position 
of the decimal point in the result obtained. 

Many slide rules also carry .scale.s from which 
sines, cosines, tangents, natural logarithms, loga- 
rithms to the base 10, squares, and cubes can be 
read. The S scale on the body of the rule illustrated 
is calibrated from approximately 6 to 90°, with 
the angles placed opposite the corresponding sines 
as read on the D scale. Thus the sine of 17.5 de- 
grees is 0,3. Logarithms to the base 10 can be 
read using the L and D scales. 

The most common rule has a 10- in. scale, hut 
larger and smaller straight rules and circular rules 
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Left half of slide rule showing multiplication of 
by 2. 
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are used. Circular rules offer a convenience in mul- 
tiplication. For example, multiplication of 2 by 6 
using the left-hand C index is not possible with a 
straight rule. Instead, one must reverse ends and 
use the right-hand C index. With a circular rule 
this problem does not arise, because the scale is 
rontinuous. 

In addition to the usual type of slide rule, many 
special rules have been devised to mechanize par- 
ticular computations. Examples include slide rules 
for carrying out Ohm*s law calculations and for 
finding the reactance of a given inductance or ca- 
pacitance at a prescribed frequency. These may 
be thought of as mechanized nomographs. See 
Nomograph. | w.w.s.] 

Slider-crank mechanism 

A four-bar linkage, most widely used to convert re- 
ciprocating to rotary motion (as in an engine), or 
to convert rotar> to reciprocating motion (as in 
pumps), but with numerous other applications. The 
principal parts of the mechanism are named in 
Fig. 1. Positions at which reversal of the slider 
tjkes place are called dead centers. When the 
crank and connecting rod arc extended in a 
straight line and the slider is at its maximum dis- 
*jri<c from the axis of the crankshaft, the position 
is top dead center ( TDC ) ; when the slider is at its 
minimum distance from the axis of the crankshaft, 
the position is bottom dead center (BDC). 

For a given crank throw, or radius, the action of 
the slider approaches simple harmonic motion as 
the length of the <*onnecting rod is increased. Maxi- 
mum accelerations occur at reversal of the slider. 
For constant angular velocity of the crank, the 
slider acceleration at top dead center is somewhat 
greater, and at bottom dead center somewhat less, 
than accelerations that would occur if motion were 
simple harmonic. 

While the idea of combining a crank with a con- 
necting rod is quite old (fifteenth century), the 
cTdnk was not successfully applied to a steam en- 
gine until 1780; and the completion of the linkage 
to include a slider had to wait for a satisfactory 
means of making metal guides for the slider (about 
1820-1830) and for satisfactory lubrication. 

Many attempts were made during the next fifty 
Years to produce rotary motion directly and thCis 
Himinate the need for the slider-crank mechanism 
in prime movers. Hundreds of different rotary en- 
gine designs (many of which employed slider-crank 




Fig. 2. Slider-crank mechanism in internal combustion 
engine (The Texas Co.) 
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Fig. 3. Master connecting rod, piston, and crankshaft 
in radial engine constitute slider-crank mechanism. 

linkage in a form not recognized by the inventor) 
were proposed, but for a prime mover that depends 
for its operation upon such a fluid as steam or air 
within a chamber, no arrangement has been found 
superior to the conventional one described here. 

Internal combustion engine. The conventional 
internal combustion engine employs a trunk piston 
arrangement, in which the piston becomes the 
slider of the slider-crank mechanism (Fig. 2). 
While satisfactory for engines of moderate life- 
span, the reversal of aide thrust on the piston twice 
during each revolution complicates the problem of 
keeping the piston tight enough in the cylinder to 

contain the working met/ium in eAe oomAustion 
space Because of angularity of the connecting rod, 
most wear occurs at the lower end of the cylinder. 

In some large low-speed engines, a crossbead, dif- 
fering in arrangement but similar m pnncipw to 
the crosshead of a steam engine, is used to reduce 
cylinder wear. 
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Radial engines for aircraft employ a single mas- 
ter connecting rod to reduce the length of the 
crankshaft (Fig. 3). The master rod, which is con- 
nected to the wrist pin in a trunk piston, is part of 
a conventional slider-crank mechanism. The other 
pistons are joined by their connecting rods to pins 
on the master connecting rod. There is only one 
slider-crank mechanism in this engine, the crank- 
pin of the master connecting rod being the only one 
that follows a circular path. 

Steam engine. The slider of the slider-crank 
mechanism in a conventional steam engine is the 
crosshead, to which is attached the piston rod. The 
crosshead thus guides one end of the piston rod in 
a straight line, while the piston guides the other 
end, producing no side thrust on the cylinder. In a 
horizontal engine the weight of the piston causes 
wear on the lower half of the cylinder, but with 
satisfactory lubrication, wear is slight. 

A reciprocating engine will not start when it is 
on dead center. In multicylinder engines, the 
cranks are arranged so that all cylinders cannot be 
at dead center simultaneously. In the locomotive 
engine, for example, this is accomplished by set- 
ting the cranks of the two cylinders 90® apart Sin- 
gle ( ylinder engines are usually moved by hand, or 
jacked, off dead center for starting. 

Reciprocating pumps and compressors. The 
crankshaft is driven usually through belting by an 
electric motor, or it may be driven directly or 
through belting by an internal combustion engine 
Portable reciprocating compressors use trunk pis- 
tons, stationary compressors generally employ 
crossheads and guides. 

Toggle mechanism. A force, acting through a 
limited distance, may be greatly multiplied by a 
toggle mechanism Punch presses and stone crush- 
ers frequently use a toggle, sometimes called a 
knuckle loint. A modified slider-crank linkage may 
be used in the mechanism, although a rocker may 
be substituted for the slider. In Fig. 4, force F acts 
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on the crankpin joint, producing a reaction P at 
the slider, as well as a reaction on the crankshaft. 

By constructing force polygons, the reaction 
along link 3, P' « F/{2 sin flj, and P = P cos 0. 
Solving for P in terms of F gives P = (F cos 0)/ 
(2 sin 0). For a finite value of F, when 0 ap- 
proaches 0 degrees, P approaches infinity. P is lim- 
ited by the yielding of the links and pins of the 
mechanism. [e.s.f.] 


Sliding pair 

A system of two adjacent links in a mechanism m 
which one link is constrained to move in a particu- 
lar path with respect to the other link. The lower 
pair, or closed pair, is completely constrained b> 
the design of the links of the pair. A turning pair m 
always a lower pair, and the connection between 
links is equivalent to a pin joint, in which a pm is 
encircled by a properly fitted bushing. The two 
links thus turn about each other. A closed sliding 
pair has the sliding block of one link constrained 



link 2 



link 2 




Fig. 1. Lower pairs of mechanical links 



by a rod or guide on the other link (Fig D ^ 
higher pair, or open pair, requires an auxiliary 
force to maintain contact between links. The 
may be that of gravity or a spring, or, in the « ase 
of gearing or conjugate rolling surfaces, result 
from fixed centers of rotation (Fig. 2). i 

Slip 

The difference between the operating speed of 
induction motor and its synchronous speed (tti^ 
speed of the rotating field). Slip s is usualh 



picfised a8 a decimal fraction of synchronous 
speed rit, 

fit-- n 


s 


n. 


where n is the rotor, or operating, speed. See In- 
dU(Tion moior; Synchronous spL^D. (A.^.p. ] 

Slip rings 

Klectromechanical components which, in combina- 
tion with brushes, provide a continuous electrii*al 
(onnection between rotating and stationary con- 
ductors. Typical applications of slip rings are in 
electiic rotating machinery, synchros, and g\io- 
sropes. Slip rings are also employed in large as- 
'.einblies where a number of circuits must be estab- 
lished between a rotating device, such as a radar 
antenna, and stationary equipment. 

Electric rotating machines. Slip rings are used 
111 wound-rotor induction motois, synchronous 
motors and alternators, and rotary converters to 
Minnect the lotor to stationarv external circuits. 
Ihese slip rings are usually <‘onstructed of steel 
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radio frequencies to 100 megacycles t Me ) , strain- 
gage signals and thermocouple signals. Ring sur- 
face speeds range from a few feet per minute to 
over 15,000 ft per minute. 


slip ring 



Fiq 1 Rotor of electric rotating machine showing ^hoft 
dip rings. 


with the (^lindrieal outer surface coneentne with 
ilic axis of rotation. Insulated mountings insulate 
the lings trom the shaft and from each other. Con- 
ducting brushes are arranged about the cireumfer- 
Miie of the slip rings and held in eontaet with the 
''Urfai e of the rings by spring tension. A tvpieal 
J^'seinblv is shown in Kig. 1. Other an angemeiits, 
''Uch as eom eiitrie slip rings mounted on the face 
uf an insulating disk, may be employed in speeial 
^dses. Alternating-eurrent windings normally^ re- 
Mtdre one slip ring per phase except that a <lngle- 
phdse winding requires two slip rings. Two slip 
tings are required for rotating dc field windings. 

KlIiTRIf. ROTATENC, MAfHINKRY. [ A.R.E.] 

Slip-ring assemblies. These integral mechanical 
■'iMK lures contain a plurality of slip rings which, 
•n (ombination with self-contained brushes, pro- 
'ido (Continuous electrical connection between elec- 
tric and electronic equipment mounted on station- 
and lotating platforms. 

^lip-ring assemblies are designed for a wide 
range of electric circuits. The same assembly may 
have circuits for power up to several hundred kilo- 
^arts; high voltage to 50 kilovolts, power pulses for 
ridar transmitters, and data signals, including 



terminal 


slip rings 


insulator rings 


slip ring 


insulator ring 


Fig. 2. Slip-ring assembly configurations, (o) Con- 
centric-ring. (b) Back-to-back, (c) Drum. 
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Slip rings for slip-ring assemblies are made usu- 
ally of coin silver, stamped from hard rolled sheet 
or cut from drawn tubing, or made of strip silver 
overlay on copper, formed into a ring and silver 
brazed. Fine silver rings may be electroformed 
onto the insulating material. Surface finish is ma- 
chined or mill rolled from 4 to 16 microinches 
Brushes for slip-ring assemblies are graphite com- 
bined with copper or silver in proportions suitable 
for the application, and may be welded nr brazed to 
a spring-temper leaf. Leaf brush pressure is from 
Wi to 3 oz. 

Large assemblies, such as those used with radar 
search antennas, are fabricated from individual 
insulators and conducting materials arranged in 
either the concentric-ring configuration (Fig. 2a) 
or the bacL-to-back ring configuration (Fig. 26). 
Small assemblies, such as those used to transmit 
signals through gimbals or high-speed turbines, 
may be fabricated in the back-to-back ring con- 
figuration or the drum configuration (Fig. 2r) . 

Other manufacturing methods emplov casting 
the individual rings into filled epoxy resins, electro- 
forming fine silver into grooves machined on filled 
epoxy resin tubes, or molding the individual rings 
with electrical grades of thermosetting resins. The 
casting, electroforming, and molding methods have 
the advantage of low tolerance build-up, which is 
important for the synchro sires. 

Background noise for strain-gage signals should 
not be greater than a few microvolts; interciiciiit 
interference (crosstalk) should not be greater than 
70 decubels (db) down at 30 Me: insertion loss at 
30 Me no greater than 0.5 db. and brush contact 
resistance approximately 0.005 ohms. 

Synchro slip rings ate made from fine silver or 
gold alloy Brushes are also made from precious 
metal alloys, usually in the form of haid-drawn, 
spring temper wires. Surface speeds are usually 
low. [W.F.MA.] 

Slope 

The trigonometric tangent of the angle or that a 
line makes with the x axis (see Anaiytk 
F rav ) , the slope of a plane cur>e C at a point P 



Slope of a line. 



Slope of o curve. 


of C is the slope of the line that is tangent to C at 
P. If y = f(x) is an equation in rectangular co 
ordinates of curve C, the slope of C at P(jri),yo) is 
the value of the derivative dy/dx = /'(r) at P, 
denoted by /^(zo), and hence an equation of the 
nonvertical tangent to C at P is 

r — ro = /'(xo) (ar — xo) 


See Cai culus, difi<»ri ntiai and intfCtRAi . 
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Sloth 


Any of several species of arboreal mammals of tffe 
family Bradypodidae, order Kdentata. found in the 
forests of tropical America. There are two genera: 
the two-toed slo^ of the genus Choloepus, having 
two toes on the forefeet and three on the hind feet . 
and the three-toed sloths, genus Bradypus^ with 
three toes on each foot. Virtually all living mam- 
mals have seven cervical vertebrae, but Brady pus 
has nine and Choloepiis has only six. 



The two-toed sloth, CholoBpus sp. {R. Van Nosfrand, 
National Audubon Society) 

Sloths are remarkably modified to hang upside 
down on the underside of limbs, moving with fan- 
tastic slowness. They arc primarily nocturnal and 
feed almost entirely upon the leaves and young 
twigs of the cecropia tree. See Edentata, 


Slug (unit) 

A unit of mass in the British gravitational system 
of units. By definition, a force of 1 lb acting on a 
body of mass 1 slug produces an acceleration of 1 
ft ^sec^. The weight of 1 slug is 32.174 lb at sea level 
and 45^ latitude, and there are 14.594 kg in a slug. 
See Mass; Units, systems of. 

Slug (zoology) 

Any of several molliisks of the order Pulmonata, 
( lass Gastropoda, with the shell reduced or larking. 
Slugs are similar in all details to the better-known 
land snails except for the lack of a shell. 



The field-gray slug, Deroceras agresfe; length to 
m {From E. L Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 


The most common forms in the United States are 
meinbeis of the genus Limax^ all native to Europe, 
hill now widespread in this country. The largest, 
and probably the most common, is Limax mnximus^ 
A gidv speties marked with alternate rows of black 
spots and stripes. It is about 4 in. long. These ani- 
mals are elongate, fusiform (spindle-shaped), and 
have two pairs of antennalike tentacles; the poste- 
rior pair is prominent. They travel fairly rap- 
idlv on a slime track. Slugs are sometimes destruc- 
tive to gaidens and fields of vegetables, but most of 
the time are only a nuisance because of their slime 
tracks. 

There are five other species in the United States. 
Umax flavus, a large brown species, is one of the 
more common. Others are blai'kish or gray, and 
Usually only about 1 in. long. 

Certain marine forms of gastropods lack a shell, 
and are sometimes called sea slugs, but more often 
are known as nudibranchs. See Mollusc a; Mus- 
''^L; Nudibkanch; Snail. Ij.d.b.] 

Smallpox 

aciitf:, infertious, viral disease characterize4 by 
‘‘cvcrc systemic involvement and a single crop of 
"kin legions which proceeds through macular, 
papular, vesicular, and pustular stages. Smallpox 

aUo known as variola major. A mild form, vari- 
•dd minor, also occurs. 

Infectious agent. Variola virus is about 200 X 
millimicrons in size. It withstands drying for 
tnonths at room temperature, and at lower tem- 
PPiatuies for years. In the dry state, it resists heat- 
di 100®C for 5 10 min. However, when moist, 
•I destroyed in 10 min at 60®C. At room tempera- 
ture it is destroyed by exposure to 1% phenol, 
>0^; alcohol, or 0.01% potassium permanganate 
‘'i" I hour. In vivo, variola grows only in man and 
‘nuiikeys. It produces characteristic lesions on the 
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chorioallantoic membrane of embryonated egg. See 
CULTIJRF., LMBRYONATF.D EGG. 

Antigenically, variola major virus is indistin- 
guishable from that of variola minor, and shows 
only slight differences from vaccinia virus (used 
for vaccination ) and from cowpox virus. See Anti- 
CEN. 

Pathogonesis. The virus enters through mu- 
cous membranes of the upper respiratory tract and 
propagates in lymphoid or other tissues. After a 
12-day incubation period, the disease begins with 

1 5 days of fever and malaise. During this period 
of time the virus multiplies, circulates in the blood 
stream, and localizes in the epidermis and produces 
skin lesions. These are papular (small, circum- 
scribed. solid elevations) for 1 4 days, vesicular 
(large, blisterlike) for 1-4 days, and pustular for 

2 6 days. They form crusts which fall off 2 4 weeks 
after the first lesions and leave pink scars which 
fade slowly. Permanent scarring occurs because 
there is invtdvement of all skin layers, including 
necrosis of the corium. The nature and extent of 
the rash parallels the severity of the disease. Vac- 
cinated contacts may develop variola sine empti- 
one, with all the prodromal (early) symptoms but 
with no rash or further progress of illness. In se- 
vere cases, the rash is hemorrhagic. With discrete 
rash the case mortality rate is about 5% ; with 
confluent rash, it is over 40%. 

Variola minor or alastrim has less severe prod- 
romal symptoms, and the lesions are more discrete, 
smaller, and more superficial. Variola major in vac- 
cinated persons may produce a similar syndrome. 
However, upon transmission of variida major virus 
to contacts, severe smallpox may result; with va- 
riola minor, the illness is always mild. 

Laboratory diagnosis. Laboratory diagnosis de- 
mands careful choice of testa, depending upon the 
stage of illness. Among these are microscopic ex- 
amination of material from skin lesions to detect 
cytoplasmic inclusions (Guarnieri bodies) which 
consist of masses of elementary bodies or infectious 
virus particles: isolation of virus from lesion mate- 
rial inoculated into chick embryo chorioallantois; 
and complement-fixation tests for virus or for 
serum antibody. Laboratory tests do not distinguish 
variola major from variola minor. See Antibody; 
Complement-fixation test. 

Epidemiology. Smallpox has had world-wide 
distribution, but with vaccination it has been virtu- - 
ally eliminated from some countries. It is transmit- 
ted by contact with oral or nasal secretions of in- 
fected persons or with material from skin lesions, 
because the virus survives drying, it also has been 
transmitted through infected bedclothes or on cot- 
ton imported from distant countries. 

All human beings are susceptible. Children are . 
born with maternal antibodies, but these are soon 
lost. Control measures in addition to vaccination 
include rigorous quarantine regulation of travelers 
and of those in contact with known or suspected 
cases, and strict isolation procedures with patients. 
See Animal virus. 
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Immiiniiation. Immunization by introducing 
living vaccinia (cowpox) virus under the skin dates 
from K. Jenner’s work, published in 1798. The orig- 
inal source of vaccinia virus is uncertain; the 
strains now widely used for vaccination have been 
passed for many years by dermal inoculation in 
calves, sheep, or rabbits. Primary vaccination is 
recommended in infants 4 6 months old, with re- 
vaccination at regular intervals or in the face of 
possible exposure. In countries where smallpox is 
endemic, revaccination is reiommended at interval^ 
of 1 year or more «>ften. In the United States, re- 
vaccination every 7 vear** is recommended. 

Vaccination responses must be interpreted with 
<-are. An immediate or immune reaction, typical in 
immune peisons, mav also occur in a fully suscepti- 
ble pci son from vaccine inactivated by heat while 
moist. This mav occur in normal tropical tempera- 
tuies, for example. In doubtful instances, levacci- 
nation with a new lot of vaccine is recommended. 

Complh ations of vaccination mav include gen- 
eralized vaccinia; bacterial contamination; in rare 
instances, a postvaccinal encephalitis in which the 
central nervous system is attacked : and progressive 
vdf ( inia, which occuis in children imapable of 
making antibody ( see Ac\MMA-r,T oiiri im mia ) . 
(ieneialized vaccinia may develop in children with 
Ci/einatous skin conditions. Except under great 
risk of smallpox, vaccinia virus should not be in 
tioduied into such a child’s family, bv vaccination 
of the child or his siblings, because the mortality 
case rate in generalized vaccinia is 30-409?. 

Ec Zl MA. 

Precautions against bacterial contamination of 
the vaccination site arc important; and no dressing 
should be applied, because tetanus infections may 
oc’c 111 in c ovcred vac c ination lesions. 

Primary vac rination in infancy has the lowest in- 
cidence of encephalitic c^om plications and provides 
earl> piotecticm against smallpox. Ij.l.m.] 

Smell 

One of the chemical senses. It is known technically 
an olfaction. 

Anatomy. In mammals the olfactory receptors 
are located in the upper parts of the nasal cavity. 
In man thev are loc*ated in a small patch in each 
nasal cavitv, consisting of about 2.5 cm^ of mucxius 
membrane, colored with a yellow pigment. The 
olfac'torv cells are long and ovoid in shape, termi- 
nating at the distal end in several delicate hairs 
projecting into and possibly through the mucous 
(‘overing the nasal epithelium (Fig. 1). The proxi- 
mal end consists of fine unmvelinated nerve fibers 
which pierce the bonv cribriform plate to enter di- 
rectly the olfactory bulb of the brain. Sec Brain. 

Nerve endings of the trigeminal nerve fibers, uti- 
lized in common chemical sensitivity, are widely 
distributed throughout the nasal and olfactory area. 
Many odorants, for example, ammonia, stimulate 
both the olfaciory and free nerve endings. 

Odorous molecules may be carried to the olfac- 
tory region by slight eddy currents during quiet 



Fig. 1. Olfactory cells, showing sensory hairs, and 
sustentoculor cdls from the olfactory epithelium of 
man. (S. S. Stevens (ed.). Handbook of Experimental 
Psychology, Wiley, 1951) 


granule cell 



Fig. 2. Histological section of the olfactory bulb of ^ 
kitten, Golgi Method. (S. S. Stevens (ed.), Handboo 
of Experimental Psychology, Wiley, 1951) 




resv'iauotv, Wx Niftotoua aittSSwvft m\\ ptoAuGt a 
Mirft** oT luibuUncc Yr\iic\i Y)Tmg;^ Aie odor lo \\ie o\- 
fd< torv area. A common cold, which results in con- 
gestion of the mucous membrane, effectively inhib- 
il^ or eliminates olfaction. 

In vertebrates olfactory nerve fibers entering the 
uUactorv bulb end in a series of intricate basketlike 
terminal ions, or clusters, called glomeruli, where 
the first synapse occurs (Fig. 2). The primary 
keiise cells svnapse with either the large mitral 
^clls oi the tufted cells. Most of the mitial cell 
.i\ons form the lateral olfactory tract running lo 
the higher olfactory centers on the ventral surface 
ol the biain. Most of the tufted cell axons enter the 
anlenor pait of the anlerior commissure and ter- 
mindte in the olfactory bulb of the opposite side 

Mrhoiigh neurologists de«dgnate a rather wide- 
spread area of the brain as rhinencephalon, or 
smell hi am. lhci<‘ is increasing evidence that much 
of ihis striKtnre is eom criied more with ihi* emo- 
timial I espouses than with purely olfactory sensi- 
li\il\ Details of the higher neural centers for ol- 
la( lion have vet to be elaborated. 

Odor qualities and stimuli. The odor vocabulary 
js 11 ( 1 ) with words attempting to descTibe the gieat 
wiTielv of olfactory cpialities. Odoi terminology, 
howeveu. suffeis in that most are ohiect names and 
iiiosi attempts at odor i lassific ation are purely psv- 
(htlogual One* of the best-known classifications is 
ihit ot H Henning, in whic*h there were six main 
oifoi ipidlities; fruity, floweiy, lesmoiis, spicy, foul, 
.irid burnt Henning attempted lo systematize the 
icldtions among these odor sensations hv a dia- 
giain, the smell prism (see Fig. 3), but he did not 
M|iiatc‘ these with six pririiarv leceptor cell lypes, 

areas 

Iletenl *»ludies with elec troyihvsiological methods 
lia\e provided fiiithcr information on the sensory 
incthanisrns underlying different odor qualities 
lledrical activity in the olfactory bulb can be 
leadiJy detected by fine wire electrodes inserted 


foul 



^'9 3. The smell prism, accordinq to H. Henning. 
'S S Stevens (eel.). Handbook of Experimental Psy^ 
riiology, Wiley, 1951) 


mlo x\ve W\\) lifted. Two toims ol aclivily Viave teen 
observed: one, a wavelike response, may be recorded 
from the surface of the bulb, and the other is an im- 
pulse activity which reflects the olfactory bulb’s mi- 
tral cell discharges following stimulation. In the rab- 
bit those portions of the bulb toward the anterior, 
or oral, region are more sensitive to water soluble 
substances whereas the fat soluble subsianc'es ap- 
peared to stimulate the itiore posterior, or aboral, 
parts of the olfactory bulb. In addition, different 
mitral cells could be iharac teri/ed accoiding to the 
groups of chemicals which stimulated them. How- 
ever, no clear piirnary types emerged from such 
studies. It appears unlikely that the olfactoiv sys- 
tem is characterized by a few primary re< eptor cell 
types. 

Sensitivity. It is genei ally accepted that an odor- 
ous substance must be slightly volatile. Apparently, 
fat and water solubility are also necessary but are 
not in themselves sufficient, since many inodorous 
suhstanfe^* have both these properties. The unique 
chenuc'al or physical propeily for odoi is to be 
defined. 

Most odorous compounds are organic*. Both the 
airangement and structure of the molec ule as well 
as the presence of certain groups within the mole- 
cule appear to influence odor. In spite of the rela- 
tive inaccessibility of the olfactory end organs, 
odor mateiials can he detec*led at extremely low 
concentrations. It has been estimated that oUac'tion 
is 10,000 limes more sensitive than taste. Thieshold 
concentrations foi well-known odorants, such as 
ethylrnerc aptan, have been cited in the range of 
4 X 10 mg/liter of air. Tables of threshold values 
prepared by diffeient investigators show major dis- 
crepancies when c*ompared. 

Differential sensitivity and factors influencing 
sensitivity. Differential sensitivity for olfaction is 
relatively low. ranging from a fraction (Al 1) 
ecfiial to 1 for weak stimuli and equal lo for the 
more intense odors. The fraction refers to the nec- 
essary lnc*rement in intensity or strength of stimu- 
lus in order that the stimulus be perceived as just 
noticeably gi eater. 

Stimulus variables that affect olfactory sensi 
tjvity are difficult to investigate because the stimu- 
lation pathway is so indirect. Temperature and 
humidity influence the strength of odors largely 
because these factors influence volatility or the - 
transport of the odorous particles from the source 
to the observer. The most common deviation in sen- 
sitivity is an acquired anosmia, absenc e of sense of 
^smell, following nasal infection. This may be dif- 
ferential, that is to say, only the odor for certain 
substances may be reduced. Paranosmia, or change 
in odor quality, has alao been described. 

Changes in sensitivity correlated with different 
phases of human menstrual cycle have been re- 
ported, particularly for certain odorants related to 
steroids or sex hormone types of substances. 
Changes in olfactory acuity in relation to hunger 
and appetite have also been recorded by some work- 
ers. Finally ageusia, a condition somewhat like 
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taste blindness, is reported for certain floral odors. 
Furthei work on genetically determined anosmias 
or partial anosmias is needed (acc Hitman ok- 
NErics>). 

Adaptation and odor interactions. The adapta- 
tion to odors is a striking feature of olfa<*torv sen- 
sitivitv. Nearly everyone is familiar with the fa<t 
that odors rapidly disappear upon continued ex- 
posure; the stnmgei the odor, the greater the ad- 
aptation. Some odors will produce cross adaptation. 
For example, camphor elevates the threshold for 
eucahptol and eugenol. This is not due to fatigue, 
because the threshold for benzaldehvde has been 
little affected. Ben/aldehvde has little effect on the 
threshold of camphor, eucalvptol, or eugenol. 

The ancient art of pcrfuineiv and the modern 
science of odoi control attest to the realities of 
odor mixing and blending. Masking one odor bv 
another cm curs when the intensitv of one is sub- 
stunt iallv greatei than that of the other. Odor neu- 
tralization by a chemical interaction between two 
odors is often the basis foi odor control. Nonchemi- 
cal. pureh ph\sifilogic al or psvchcdogical neiitrali- 
/atictn. often callc'd compensation, has been re 
poited b\ some workers but has not Iieen geneiallv 
accepted. When two different odors of equal in- 
tensity are presented simultaneoiish. the compo- 
nents nid> be readilv identified The more the\ re- 
semble eac h othei, the greater will he the tendency 
for blending Although a successful perfume is a 
total fused impression, the tiained chc-misl is usu- 
dllv able to disc rim mate the c omponent notes. 

Theories. There is an extensive literature on 
theoiies of olfaction, ranging fiom the piirelv 
chemical to the piireh phvsical. The factors con- 
sidered are the chemical or physical nature of an 
adecpiate stimulus and the natiiie of the receptor; 
for example, the rec*eptor ma> be composed of only 
a few basic kinds of endings or many specialized 
different endings. Though manv theoric*s ate pro- 
voc'dtive, there is. as yet. insufficient ground for 
ac c'epting one theory over the other. 

Behavioral effects. The distinctive and unique 
character of different foods and flavors is due 
largely to the sense of smell. Flavor is a c'omposite 
of the common chemical sense, texture, pressure, 
temperature, and taste, as well as olfaction, but the 
aroma of roast beef or the delicate bouquet of a 
wine result largely from olfac'tory stimulation. The 
practical importance of flavor has been rec'ognized 
in recent years in the food industry where it is now 
common practice to maintain flavor panels for the 
psvchophysic*al assessment of quality and quantity 
of food flavor. There is no chemical or objective 
substitute for the human nose and palate and cer- 
tainly no substitute for the human observer in as- 
sessing the total effec t of food or drink. Panel tech- 
niques have been developed to assess detectability 
of different odorants or taste stimuli, for matching 
or describing the different qualities of flavor pres- 
ent, and for rating the affective or hedonic effect, 
that is, its pleasantness or unpleasantness (see 
Motivation). 


The importance of olfaction for the control of 
sexual behavior appears more obvious in lower ani- 
mals than in man. Numerous experiments have 
demonstrated that the odor of female moths will 
attract large swarms of males of the same spec le, 
and it has recently been demonstrated that the 
honey liee’s ability to discriminate friend from foe 
depends upon odor cues. Many wild animals utilize 
odor glands whose secretions assist in the detec- 
tion and atti action of mates of the opposite sex 
Perhaps rudiments of such mechanisms underlie 
some of man’s reactions and behavior. It is of m 
terest that the basic component in many perfume^ 
is musk or the musklike odors which chemicalb 
are related to certain of the sex hormones. Some 
recent observations appeal to show that sensitivity 
to ceitain musk perfumes is substantially affected 
by variations in the menstrual cvcle. See Sins? 
CHI MIC al; Tastl. |c I* I 

Smelt 

Any of several fishes of the family Osmeridae Th( 
smelts are found along both the Atlantic and Pa 
cific c'odsis of the United Slates. They aie small 
slender, slightly compressed, green-backed. siKer 
sided fish, with adipose fins and deepiv foiked 
caudal fins. Best known is the eastern, or Atlantic 



The smelt, Osmerus mordax, length to 14 in (From 
E. L Palmer, Fieldbook of Natural History, McGraw 
Hill, 1949) 


smelt. Osmerus mordax^ common from the (»ulf of 
St. Lawrenc'p southward to Maryland. It lives in the 
shallow sea and moves into fresh watei to spawn It 
is of considerable commercial importance, and is 
an excellc nl food fish in spite of its small size Mos* 
adults aip about 8 in long and weigh only 4 oi 
1’his species has been introduced into the (»ieat 
Lakes where it has become abundant and ha** as 
Slimed maior importance, both as a food fish and 
as a forage fish for larger species. See Cm 

FORMES. r.l.i)Bl 

Smithsonite 

The natural form of zinc rarbonate. Smithsoin*^ 
may c^mtain small amounts of iron, calcium, cobalh 
copper, manganese, cadmium, and magnesium b 
occurs chiefly as a secondary mineral formed b' 
the oxidation of primal y zinc ores, such as sphal- 
erite. 

Smithsonite has hexagonal ( rhombohedral ) 
metry and has the calcite structure-type. 
rarely found in well-formed crystals and is 
often in compact or porous masses. Its cojor is o • 
ten dirty white, but a variety of tints, including 



greens, blues and browns, may be found, depending 
on the impurities present. For pure smithsonite the 
hardness is about 4 or 4}^ and the specific gravity 
is 4.43. 

Very pure smithsonite can be synthesized by 
heating zinc oxide to moderate temperatures at 
elevated pressures of carbon dioxide. The thermal 
stability of smithsonite at various pressures of car- 
bon dioxide has been found by experiment to range 
from 3.S0 to 450®C between 15,000 and 50,000 

psi. 

Smithsonite has been referred to as calamine, but 
the term is confusing as It has also been used as 
a synonym for hemimorphite and hydrorincite. 
Smithsonite occurs at many localities in Europe 
and Africa and throughout the United States. Laige 
deposits occur at Monarch and Leadville, Gdorado. 
Sec Carbon ATE minerals; Zinc. 

Smog 

\ii pollution consisting of smoke and fog. This 
portmanteau word was coined and first used piih- 
Ih Iv in Kngland in 190S. The characteristics of I^>s 
\ngcles and London smogs, the two piincipal 
tvpes, aie listed in the accompanying table. 


Smog types* 
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sola, CO 

ReHctiouH 

Photochemical 
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Thermal 

Principitl effect a 

Temporary eye 

Bronchial irrita 

on humans 

irritation 

tion; roughing, 
inci eased reapir- 
atoiy mortality 


• \ftpr L H Rogers, Re|K>ri on photochemical smog, 
J Chem Edur , June, 1958 


See Aerosol; Atmospheric pollution;^ ^ Bio- 
( I IM ATOLOCY. r E.W.HE.1 

Smoke 

Fumes and smoke are dispersions of finely divided 
solids or liquids in a gaseous medium. The particle- 
range is 0.01-5.0 microns (/u). (1 /a = 0.001, 
tnm = 0.00004 in.) Typical dispersions are smokes 
from incomplete combustion of organic matter such 
as tobacco, wood, and coal; soot or carbon black; 
oihvapor mists; chemical fumes such as sulfur 
irioxide (SOa) and phosphorus pentoxidc fP206) 
ammonium chloride (NH4CI), and metal 
oxides; and the products of hydrolysis of metal 
(hlorides such as titanium tetrachloride (TiCU), 
stannous chloride (SnCk), and aluminum chloride 
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(AlCla) by moist air. Oil-vapor and P2O5 mists 
(formed by burning phosphorus in moist air) have 
been extensively used in military operations to pro- 
duce screening smokes. 

Air pollution in many industrial centers has stim- 
ulated development of methods for sampling and 
identification of the components of smokes and fogs 
(when l)oth are present the term smog has been 
used). The data obtained are being used as the 
basis for regulatory and corrective legislation to 
eliminate or greatly reduce the amount of smoke 
and fumes which are hazardous to the health of hu- 
mans, cause extensive damage to vegetation, and 
corrode many structural materials. Thus in several 
cities such as Pittsburgh, Pennsylvania, and Si. 
Louis, Mismmri. the combustion of coal for space 
heating and for manufacture of steam and power is 
regulated so that only negligible amounts of smoke 
and fl\ ash are discharged into the atmosphere The 
smog problem in Los Angeles, California, has been 
particularly dilTuult to solve. The recurient eve- 
irritating smog is due to the formation of pieroxides 
from certain hydrocarbons and nitric oxide in the 
presence of sunlight and to the temperature inver- 
sion (a blanket of stagnant or slow-moving air 
which is charmer than the la>er of air close to the 
ground). The atmosphci ic inversion condition com- 
hined with the effec t of the surioundlng foothills of 
the Sierra Nevada shai plv reduc es the flow of ^air in 
the area. 

The contaminants discharged daily into the 
atmosphere of the industrial area in and around 
lios Angeles is estimatcri to he more than 20(K) tons. 
In many instances, such us the discharge of sulfur 
c'orn pounds fiom petroleum refineries, the reewery 
of the disc'harged material is industrially profit- 
able. Many othei contaminants can he eliminated 
at their sources by suitable collection devices such 
as centrifugal collectors (cyclones) for dusts, elec- 
trostatic precipitators and cloth filters for finer 
particles, and wet collectors foi mists and fogs. 
Efficient designs of furnaces for both dome stic and 
industrial use are available to greatly reduce smoke 
and fly a-.h. In industrial plants where lecovery or 
collection is technically difficult or very costly, 
atmospheric dilution of the smoke by increase in 
height of the smoke stack and by proper loc'ation 
of the plant with respect to ground contours, eleva- 
tions, and meteorological conditions is usually 
quite effective. See Air pollution control; Dusap 

AND MIST COLLECTION ; SCREI NING SMOKE. [ H.H.ST.] 

Bibliography I I*. C. McCabe (ed,), Air Pollur 
tion, Proc. 1950 U.S. Tech. Conf. on Air Pollution, 
1952. 

Smut (microbiology) 

A term applied both to fungi of the order Ustilagi- 
nales of the subclass Heterobasidiomycetidae and 
to the diseases which they cause. Plants of several 
families are subject to smuts, but smuts of cereals 
are of greatest economic importance. In the United 
States, stinking smut, or bunt, destroys about 1.3% 
of the wheat crop annually. Loose and covered 
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smuts of oats, caused by Ustilago avenae and U. 
kolleri, destroy 40-50 million bushels of oats each 
year. Barley smuts, caused by U. nuda, V, nigra^ 
and U. hordei, account for annual losses of 2-5 
million bushels, and corn smut may ruin 2% of the 
total crop. 5ee Fungi; Hlikrobasidiomycettdae; 
Plant dislasl. 

The life history of corn smut, U. maydis^ is rep- 
resentative of smuts belonging to the family Usti- 
iaginareae. Infection is initiated by basidiospores, 
or buds derived from them. Two compatible cells 
fuse, and their nuclei pair. A mvcelium, each cell 
of which contains two nuclei — one of each com- 
patibility -develops from the fusion cell and in- 
vades the host. Eventuallv. gall-like swellings are 
produced, and most of the cells of the mycelium 
develop into leleut<»spores. The two nuclei in each 
teleutospore fuse. Each gall now consists of a pow- 
dery mass of teleutospores enclosed bv a thin layer 
of lu»st tissue, rupture of which exposes the spores 
to be distributed bv wind or water. Immediately, or 
after overwintering, a teleutospore germinates; a 
tiibelike epibasidium develops, and the nucleus un- 
dergoes reduction division. Cross walls divide the 
epibasidium into four cells. ea<h wilh a single 
haploid nucleus. Sin cessive crops of basidiospore** 
are budded fiom each cell. 

Tilhtia faries oi T, foetida, <*ausal agents of 
bunt of wheat, are representative of the Tillclia- 
I eae The biniicleate mvcelium initiates infection 
of wheat seedlings. Few symptoms of disease ap- 
peal until flowering, when the ovaries are filled 
with teleutospores, forming “smut balls."’ At germi- 
nation, the teleutospore form*' an epibasidium 
whn h beais elongate basidiospores at its tip. These 
basidiospores fuse in pairs, often while still at- 
tached to the epibasidium, and nuclear pairing 
lakes place Binin leate spores are discharged from 
this fusion cell. Because the haploid phase of these 
smuts is so short lelative to the biniicleate phase, 
some authorities c'onsider them to be the most ad- 
vatn ed fungi 

The control measure most effective against all 
types of smuts is the development and planting of 
resistant varieties of grain Bunt of wheat is also 
controlled bv treating seed with organic mercuiial 
fungicides to kill teleutospoies adhering to the 5>eed 
coat. See Basidiomyc f tfs; INtilaginai rs. 

[r.M.P.1 

Bibliography: Plant Diseases^ IJSDA Yearbook 
of Agr., 1953; J. C. Walker, Plant Pathology^ 2d 
ed., 1957. 

Snail 

A term which, in its broadest sense, applies to all 
the members of the class Gastropoda, in the phylum 
Mollusc a. In the more commonly used sens»e, the 
word is applied only to the land and fre,sh-water 
gastropods with a shell, thus excluding the marine 
forms and the slugs (6ee Gastropoda). There are 
about 33,000 living species of gastropods, and 
about 5000 belong to the order Pulmonata, a group 


which includes most of the fresh-water and land 
snails and slugs (^ee Pulmonata). 

Economic importance, (generally speaking, 
snails are of little direct importance to man. How- 
ever, several are considered food animals; others 
are agricultuial pests, sometimes causing notable 
damage to garden and field crops. A few are hosts 
in one phase of the life cycle of parasites which 
affect man or his domestic animals. Snails are often 
important in the aquatic food chain, and some land 
forms are significant in the diet of shrews and other 
small mammals (^ee Mammalia; Shrew). 

The most common of the snails used for food in 
Europe is Helix pomatia^ considered a gourmet^ 
delicacy in France and Belgium. It is frequently 
found in ^^pecialtv shops in the ^Jnited States. 

The giant African land snail, Aehatina fulUa, 
which was brought to the islands of the South Pa- 
cific by the lapanese during Woild War II as a food 
source, has developed into an agricultuial |)est ot 
considerable significam e. This rapidly miiltiplving 
and highly destructive animal, the <^i/c of a man's 
fist, has been carried from island to island b> 
ships. A (onstant vigil is maintained at poits of 
entrv to prevent its establishment in the linited 
States. 



Snail, (a) Shell of the pond snail Phynlla heterostropha 
with left-handed spiral, length to % in. (b) Shell of the 
pond snail Stagnieola paluslris e/odes with right- 
handed spiral, length to IVfi in. (c) The white-lippR*^ 
land snail, Triodopsis albolabris; diameter to I'** 
(From E. L Palmer, Fieldbook of Natural Historyt 
McGraw-Hill, 1949) 
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Of the parasites of importance to man which are 
transmitted by snails, perhaps the best known is 
the sheep liver fluke (see Sheep). This is a destruc- 
tive parasite of sheep in which the lar\ae develop 
dnd undergo a cycle of rapid reproduction in the 
liver of certain pond snails. Other trematode para- 
sites in which the snail is a secondary host include 
the liver fluke of man, occurring primarily in Ja- 
(lan and China, and the lung fluke, widespread in 
tropical countries and also known in the United 
States (see Trlmatoda). The most important trem- 
atode parasites of man are the species of Schisto- 
soma (formerly called Bilharzia), a genus of blood 
flukes which causes much suffering through wide 
sc(‘tionh of the world. These parasites are all ear- 
ned by snails. The form in the Nile Valiev is the 
best known. The disorder caused by the animals of 
this group is called schistosomiasis. 

Swimmer’s iti h, prevalent in many northern and 
western states, as well as in Canada and Europe is 
a severe itch not unlike poison ivy in its initial 
sMiiptoms. caused by the penetration into the skin 
of man and other mammals by the cercariae (free- 
swimming. mature larvae) of certain snail-«‘arried 
hiid flukes (ice Clrcaria). The cercariae do not 
lontinue to live in man. but they will burrow into 
the skin in great numbers and cause intense dis- 
(oriiiort. The disorder is technically referred to as 
(ticaiiul dermatitis and children are especially 
-iis( cpiible. Regular applic'ations of copper sulfate 
to kill the snail host is the practice in many areas. 

Characteristics. A typical fiesh-water snail has 
.1 univalve shell, with a conspicuous anterior head 
Hid a long, ventral muscular foot. The foot and 
head are bilaterally symmetrical, but the sh**!! is 
Milled and asymmetrical. There is an almost end- 
less variety of shapes, patterns, and colors ot 
"hells The vital organs are located in the body 
dhove the fool. The Pulmonatu are so named be- 
(diisc they have lost their gills and instead have an 
Miiptv gill chamber which acts as a respiratory or- 
;{dn, the lung. The lung is supplied with a network 
•d blood vessels along the inner wall of the adja- 
cent mantle. This device functions properly only 
v^ben moist; hence land snails are usually found in 
darn|) locations. The fresh-water species of Pul- 
monala are secondarily aquatic, being derived frpm 
land forms. 

The fresh-water snails in the groups Ctenobran- 
chia and Apsidobranchia have an internal gill and 
"^'parate sexes. Included here are the viviparous 
''nails and apple snails. 

Reproduction. Most snails are hermaphroditic 
‘ind reproduce by means of reciprocal fertilization. 

that in mating each animal fertilizes the eggs 
•d the other. The gelatin-covered eggs are laid in 
bundles or bunches in a suitable site. 

Feeding habits. Food is usually vegetation, and 
''mne species are voracious feeders. Many aquarists 
have found that snails, kept to help in aquarium 
sanitation, destroy so much vegetation that keep- 
plants in the aquarium becomes a problem. 


Many tropical fish fanciers now try to maintain 
snail-free aquaria for this reason. There are a few 
carnivorous species, feeding on a variety of small 
animals. Many of the common aquarium species will 
destroy the eggs of fishes. 

Land snails are active primarily at night or in 
damp weather. They leave a typical track or path 
of slime secreted by a gland on the ventral side 
of the head. Movement over this track is by mus- 
cular contractions of the foot. Some of the land 
forms have an amazing capacity to cling to life 
after months of inactivity because of dryness. They 
may appear quite dead but resume activity when 
introduced into a favorable habitat. See Moi.lusca; 
SiuG (/oology). [j.d.b.] 

Snake 

Any of about 2500 species of reptiles of the sub- 
order Serpentes (Ophidia), order Squamata. 
Snakes aie distinguished from liza/ds, to which 
they are most closely related, bv several charac- 
teristics. all more or less asso<'iated with their loss 
of legs. Snakes have no legs, except for vestigial 
femurs and pelvic girdle elements found in a few 
primitive forms. The lower jaw is loosely attached 
to the skull, and the mandibles are held together 
by an elastic ligament, so that each of the four half- 
jaws may move indejicndently The absence of a 
sternum or pectoral girdle, and the highly elastic 
body wall of snakes, along with the free movement 
of the jaws, enables them to swallow prey much 
larger in diameter than themselves. Snakes have 



Snake. (Top) Rattlesnake, Croialus horridus; length to 
5Mi ft* (Center) Garter, Thamnophis ordinatus; length 
to 36 in. (Bottom) Black, Coluber constrictor; length to 
6 ft. (From £. L Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 


390 Snap ring 

also lost the urinary bladder, ear openings, and eye> 
lids; the eyes are covered by a transparent scale. 
The left lung is frequently reduced in size. Most 
snakes have small, sharp, conical teeth, usually re- 
placed readily when lost. In some species, front or 
rear fangs are developed in association with poison 
glands. 

Quite a number of snakes are poisonous, some 
being extremely dangerous, whereas others may 
be only mildly \enomous. Contrary to popular be- 
lief, snakes are neither slimy nor cold, but are 
covered with scales, which may be smooth or 
rough. They are completely dry-skinned, and have 
a body tempeiatiire at or near that of the environ- 
ment. As cold-blooded animals, that is, animals not 
able to regulate their own bod> temperaliire, they 
become inactive and hibernate dining cold weather. 
They cannot toleiate high temperatures, and those 
species that live in hot, exposed areas like the des- 
ert are generally noc turnal, as are many spc< ics in 
more tolerable < limates 

American folklore is filled with many supersti- 
tions concerning snakes, associated with a long, un- 
founded fear of all ‘^pei ies Most snakes are bene- 
ficial, being among the mobl effective of all natural 
cimtiols for rodents. 

Feeding habits. All snakes are predatory, catch- 
ing and swallowing various animals Some of the 
smallei species eat onlv worms and insects, but the 
larger ones are capable of overpowering animals of 
considerable size, including pigs, deer, and oc- 
casionally man. 

Size. In size, snakes range from 4 in long biir- 
lowitig animals superficially resembling worms to 
the great leticulated python. Python reticulatus, 
said to readi a length of 32 ft. and the anaconda, 
Eunpites murinus, reliablv reported up to 33 ft 
long Accounts of much larger individuals of both 
spciies as well as others are given, but reports have 
not been supported by specimens 

Reproduction. Most snakes lay eggs, which are 
almost alwavs abandoned bv the parents immedi- 
ately. However, there are reports of one or two 
species which brood their eggs. A number of 
snakes retain the eggs in the uterus until they 
hatch, thus appealing to give biilh to living young. 

Distribution. Snakes occur thioughout the world 
except in the colder regions They are somewhat 
more abundant in tropic al and semitropical regions, 
especiallv in the number and vaiiety of species. 

Most snakes are teirestrial, but several are 
arboreal. Some snakes are aquatic, occurring both 
in the ocean and in fresh water, and a few are 
burrowing forms. See Blacksnakf; Boa; Cobra; 
Coppfrhfad; Corat snakf; Cottonmotttii ; Gar- 
ter snakt ; Grkin snaki ; Hog nosfo snaki ; 
Python; RArrLFS-vAKL; Water snakf ; see a/so 
Squamata. f j. d. ri.ack1 

Snap ring 

A form of spring used piincipally as a fastener. 
Piston rings are a form of snap ring used as seals. 



Snap rings hold ball bearing race in place. Internal 
ring supports axial thrust of axle. External ring aligns 
the inner race against the shoulder of the shaft. 


The ling is elastically deformed, put in place, and 
allowed to snap back toward its unstressed posi- 
tion into a groove or recess. The snap ring may 
he used externally to provide a shoulder that re 
tains a wheel oi a bearing rai e on a shaft, or it 
may be used iiiternallv to provide a construction 
that confines a bearing race in the boie of a ma- 
chine frame, as illustrated. The size of the ring 
and its recf*ss detei mines its strength undei load 
Sufficient clearance and play is needed in the nu 
chine so that the ring can bt* inserted and sealed 

[i s. ] iNDi Horn •IH ] 
Iliblioffraphy : P. F Rossman, Designing snap 
ring fastenings. Machine Design^ 13(5 1 : 1*9 *>1, 
106-108, 1941. 

Snipe 

A name applied to various shore birds, hut most 
commonly mc*aning ihe Wilson’s snipe, taprila 
gallinago This bird is easilv lecogni/ed in flight 
by its zig-zag course and its short orange tail 
FoimerJy considered a game bird, it has been pro 



Th® Wilson's snipe, Capella gallinago; length to 
in. (From E. L. Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 

tected since about 1940. The Wilson’s snipe has an 
extremely long bill and is short-legged, some- 
what like the woodcock. It frequents wet meadows 
and is Holarctic in distribution, nesting southwar 
to California and Iowa. See CHARADHliFORMr^j 
Sandpiper. [ J* ^ 



Snow 

The most common form of frozen precipitation^ 
usually flakes of starlike crystals, matted ice nee- 
dles, or combinations, often rime-coated ; also tran- 
sitions between these forms, or combinations of 
them with ice columns, plate crystals, snow pellets, 
snow grains, or ice pellets. Photograplis by W. A. 
Bentley, mostly of carefully selected six-pointed 
star crystals and hexagonal ice plates, show an in- 
finite variety of beautiful symmetrical patterns. See 
Precipitation (mfti oroi ogy) . 

Geographical distribution. Snow falls at sea 
level generally poleward from latitudes 35®N or S, 
or even closer to the Equator in the interior of con- 
tinents and at high elevations. On west coasts it 
commonly falls only polewaid of latitude 4S®. The 
elevation of peipetual snow on mountains and 
highlands deci eases poleward from the suhtiop- 
ics down to sea level in polar regions. Glai iers de- 
velop wheie the annual accumulation of snowfall 
exceeds melting, runoff, and evaporation. Along sea- 
(oa‘'ts. as in (vreenland, large ice masses break off 
gld( leis to form icebergs. 

The gieatcst annual snowfalls in the United 
States attain seveial hundred inches in some loca- 
tions. Examples aie in the Sieira Nevadas, Cascade 
Range, and mountains of Colorado; other plac*es 
with heavy amounts are nortlieiii New York near 
T dke Ontario and eastward, in Michigan along the 
southein shore of Lake Superior, and in northein 
\ew England. 

Specific gravity of snow. When newly fallen, 
snow has a gravity ratio commonly about 1:10 hut 
\arvmg gieatlv Wet snow is hc*dvic‘r. but div, fliifTv 
snow max have a specific gravity of 1:30 or less. 
The density of the snow covei increases by pack- 
ing, sometimes by melting and refree/ing, also be- 
cause snow changes to ice gianules through trans- 
fer of water by sublimation from small to larger 
lie panicles Deep in glaciers entrapped aii is com- 
luc'ssed and (lensit\ approaches that of puie ice. 

Thermal effects of snow cover. Snow, especially 
^hen new, is a good insulator because air is en- 
trapped by the flakes. Thus it often protects low 
^egetat^on, such as grains, from freezing. Aii tem- 
peiatiircs tend to be low over snow because it re- 
flects sunshine, is a good radiator at night, add in- 
tei feres with conduction of heat from the ground 
Formation of snow flakes. U. Nakaya, who 
•studied the forms, growth, and properties of snow- 
flakes, found in the laboratory that star crystals 
could be grown only in a narrow temperature range 
of about — 14®C to --17®C. Above — 7®C only ice 
needles formed. Plates and columns formed pre- 
dc>minantly between about — 10®C and — 22®C 
with relative humidity 100-110%, whereas other 
types grew mostly when humidity was 110-130%. 

J, Mason later reported (1959) the following 
®^perimentally determined relationships between 
temperature (°C) and the type of ice crystals 
grown on a fiber in a cold chamber: 0 to —3, thin 
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hexagonal plates; —3 to —5, needles; —5 to —8, 
hollow prisms; —8 to —12, hexagonal plates; —12 
to —16, dendritic crystals; —16 to —25, plates; 
—25 to —50, hollow prisms. See Cloud physics; 
Glacifr; Hail; Hydroiogy; PRrripiTATiON 
(chemistry) ; Sublimaiion. [j. r. fuiks| 

Bihliof^raphyi W, A. Bentley and W. J. Hum- 
phreys, Snow Crystals^ 1931; U. Nakaya, Snow 
Crystals: Natural and Artificial^ 1954. 

Snow field 

A term usually applied to mountain and glacial 
legions to refer to an area of si40w-covered terrain 
with definable geographic margins. Where the con- 
notatiem is \erv general and without legard to geo- 
giaphical limits, the terra snow c’over is more ap- 
propriate; hut glaciologv rec|ujres moie precise 
terms with respect to snow-field areas. These terms 
differentiate according to the physical character 
and age of the snow cover. Technically, a snow 
field can onlv embrace new or old snow (material 
from the current accumulation year). Anything 
oldei is categorized as firn or ice. The woid firn is a 
deiivative of the German adjective fern, meaning 
“of last year” and hen< e refers to hardened snow 
not yet metamorphosed to ice whkh has been re- 
tained from the pteieding >eai or years. Thus, by 
defmitiim. a snow field compiised of firn should be 
calk'd a fiin field. Anothei teim familiar to glaci- 
ologists is neve field, fiorn the Ficmh word neve, a 
mass of hardened snow of glacier origin. In Eng- 
lish. rather than a specific word for the material 
it sell, a descriptive phrase is used such as: con- 
sol idatc'd granular snow not yet changed to glacier 
ice Tl is becoming most acceptable to use the 
Frenc'h term nevc' when specifically leferring to a 
geographical area of snow fields on glaciers (that 
is, an aiea covei ed with pciennial “snow” and em- 
iiraring the entire zone of annually retained ac- 
cumulation) For reference to the compacted rem- 
nant of the snow pack itself, which is retained at 
the end of an annual melting period on a snow 
field oi neve, it is appropiiate to use the German 
term firn Sec (fLAciatid ilriunl; Glacier. 

Fm. m. miller] 

Bibliography \ L. De Viies, Gcrman-English Sci- 
ence Dictionary^ 1948; N. P. Laroiisse, Dirtionnaire 
Kncyclopedique^ 1956; M. M. Miller, The terms 
“Neve” and “Firn,” /. GlacwU 2 (12), 1952. 

Snow gage 

Instrument foi measufing snow samples to yield 
data for assessing snow and watei equivalent re- 
sources. Such samplers were developed, beginning 
about 1910. by a group under the leadership of 
J. E. Chuich in Nevada. Here the need was great to 
know the proportions of water stored in blankets of 
winter snow in the mountains for later use to sup- 
port life and agriculture in the oases and settle- 
ments of the desert basins. 

Early gages were developed to obtain complete 
samples, of diameter in., to depths exceeding 
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20 ft. Various lengths of steel tubing were con- 
nected by screw couplings so that the combined 
length could be adjusted to sample any depths of 
snow encountered. 

A later sampler is made of aluminum tubing in 
lengths of 30 in. graduated so that, when coupled 
together in order, the correct depth in inches from 
bottom edge of cutter can be read on the outside of 
the tube. Each length of tubing has staggered slots 
% in. wide to facilitate removal of snow core and 
allow measuring depth of snow in inches. Later re- 
finements include a horizontal support and scales 
for weighing the tube empty or loaded. Scales with 
a circular dial were developed so that the pointer 
could be set at zero with the empty sampler tube 
and so gradtiated that when weighing the loaded 
sample tube the pointer would indicate actual 
equivalent water in inches depth. These samplers 
and scales are called the Mt. Rose sampler and 
scales. 

In the 1920s G. D. Clyde of Utah adopted less- 
expensive sample tubes that cut a snow core with 
diameter of 1.48.S in. Because the weight of a cylin- 
der of water of that diameter is exactly 1 ounce 
avoirdupois per inch of length or 1 lb for 16 in., 
this adoption permits the use of commercial weigh- 
ing scales for the snow samples. See Snow survey- 
FNC. nOARDMAN] 

Snow line 

A term generally used to refer to the elevation of 
the lower edge of a snow field. In mountainous 
areas, it is not truly a line but rather an irregular, 
commonly patchy border zone, the position of 
which in any one sector has been determined by the 
amount of snowfall and ablation. These factors may 
vary considerably from one part to another. In re- 
gions where valley glaciers descend to relatively 
low elevations, the summer snow line on intervening 
rock ridges and peaks is often much higher than the 
snow line on the glaciers, and in most instances it 
is more irregular and indefinite. If by the end of 
summer it has not disappeared completely from the 
bedrock surfaces, the lowest limit of retained snow 
is termed the orographical snow line, because it is 
primarily controlled by local conditions and topog- 
raphy. On glacier surfaces it is sometimes referred 
to as the glacier snow line or neve line (the outer 
limit of retained winter snow cover on a glacier). 
Year-to-year variation in the position of the oro- 
graphical snow line is great. The mean position 
over many decades, however, is important as a fac- 
tor in the development of nivation hollows and 
protalus ramparts in deglaciated cirque beds. The 
average regional level of the orographical snow 
line in any one year is the regional &n(»w line. Since 
the regional snow line is controlled entirely by 
climate and not influenced by local conditions, 
glaciologists sometimes call it the climatological 
snow line. The average position of the climatologi- 
cal snow line over a decade or more may be termed 
the mean climatological snow line. On broad ice 


sheets and glaciers, the climatological snow line 
is the same as the neve line. The average position 
of this, over a decade or more of observation, may 
be termed the mean neve line. See Glaciated ter- 
kane; Glacier; Snow field. [m. m. miller] 

Snow surveying 

Application of snow gaging or sampler measure- 
ments to stream-flow forecasting. Most of these 
techniques have been developed since about 1911 
under the direction of J. E. Church in western 
Nevada. Here precipitation in the form of rain is 
so small in quantity that practically all the useful 
water supply results from melting of snow on the 
eastern slope of the Central Sierra. 

A snow course is ciistomaMly established and 
marked by signs, originally placed on trees, at 
each end of the course and at a height to be above 
the deepest expected snow. The locations where 
samples are to be taken are measured in line by 
tape usually at intervals of .*>0 or 100 ft for control 
in repeated measurements. The snow thus measured 
in successive months and also in following years 
affords a method of comparison of seasonal develop 
ment of snow accumulation and of quantity of 
water equivalent in different years. The comparison 
of such snow survey measurements with stream 
flow over a period of years will show some relation- 
ship between snow water ecpiivalent and strearn 
flow, and after a number of years this results in 
development of approximate forecasting. The aver- 
age of a number of samples is a far better indicator 
than mcasurem^ts at different times' at only one 
location. The minimum number of samples suffi- 
cient to give fairly dependable results for a snow 
course is probably 10 or 15. 

In the Central Sierra it has l)cen found that 
seasonal snow survey results prove, in general, that 



Field observers recording snow-gage measurements ut 
a marked location along a snow-course line in the 
Nevada highlands. (From Univ, Novada Agr, Fxpf* 
Sta. Bull. 184, 1949) 


high-altitude snow water equivalent greatly ex- 
leeds low-altitude water equivalent. In analyzing 
lesults, above 7000 ft is considered high altitude 
dtid below 7000 ft low. In adopting an adjusted 
ivater equivalent to represent a given watershed, 
lelative areas of high level and low level should be 
taken into account. 

A graphical diagram can also help in the analy- 
sis desirable for forecasting stream flow. In such a 
diagram, the vertical scale indicates adjusted value 
of water equivalent in inches for the whole basin. 
The horizontal scale represents actual runoff (at 
gaging station) in thousand acre feet. Each identi- 
fied year of acc umulated data from past experience 
m represented by a spot or small circle placed in 
correct position for adjusted snow water content 
ind actual resulting runoff in thousand acre feet. 
It has been found that in the Central Sierra a 
stiaight line or regression line can be located on 
^nch a diagram based on data accumulated over a 
good man> jears. The regression line can be used 
as a guide for making the forecast of expected 
runoff 

\il of the 11 states from the Rocky Mountains 
lo ihe Pacific Coast are using snow surveying to 
lid m d<‘tei mining their probable summer water 
supply |h p. boardmanJ 

H(blioffraph\ ; H. P. Boardman, Snow surve\s for 
force as! ing sticam flow in western Nevada. Vnw 
ot \fi lffn< ultntal Exptttmrnf Station^ Bull 
JHl Septenibei, 1949, R. K. Linsley, Jr, M. A. 
Kohler, and J I H, Paulhus, Hydrology for En- 
^rnt ers, J9S8, 

Soap and detergent 

Dctf-igc iits aie (leaning agents of all types, but 
in oidinaiy usage the term soap specifies an alkali 
Mirtal oi substituted ammonium salt of a stiaight- 
(hdin carboxylic at id 10 18 carbon atoms in 
length, and the name detergent is given to syn- 
thetic materials of siroiiar structure. They aie 
w idch used foi cleansing, wasliing, and textile proc- 
*^sing. Metallic soaps aie alkaline-earth or heavy- 
metal long chain carboxylates ; they arc insoluble 
in water and find application in nonaqueous sys- 
tems for example, in additives to liibiicating oils, 
tust inhibitors, and jellied fuels Manufacture of 
''uaps and detergents constitutes one of the largest 
of th*» chemical process industries in the United 
States, with annual sales well in excess of 
$1000,000,000. 

The marked imbalance of polarity within the 
molecules of soaps and detergents causes them to 
hd'e unusual solubility and phase chaiacteristics 
m both polar and nonpolar solvents. This behavior 

responsible for their usefulness in wetting, solu- 
bilization, detergency (both washing and diy 
< leaning), dyeing, and many other processes of 
mrlustrial and household importance. The basic 
feature of molecular structure which gives rise to 
these properties is the location of a highly polar 
function (hydrophilic) at or near the end of a 
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long hydrocarbon chain (hydrophobic, lipophilic). 


CH3 CH2 ai2 CH2 CH2 CH2 

\/\/\/\/\/\ 

CH. ai, CH, CH, CHi COO-Nt+ 

Hydrophobic Hydrophilic 


At the interface between two phases, there exists 
a concentration of detergent higher than that in 
the system as a whole, because of the differing at- 
tractions of the phases for the polar and nonpolar 
portions of the molecule. The interfacial tension is 
lowered At an agitated air-solution interface, the 
excess concentration leads to sudsing; at an oil- 
water interface, emulsification can result. At an 
interface on a substrate, such as cloth, glass, or 
metal, the surface ai tive detergent causes a change 
in the angle of contact between the phases. See 
SURtACF-AfTIVF AGFNF 

Soaps. Soaps are prepared from naturally occur- 
ling triglycerides (animal and vegetable fats) by 
alkaline hydrolysis (saponification) : 


('3ll5(OOCR)3 -h WaOn^ 3 NaOOCR -f C,IIb(OH) 3 
Fat Cellist ir Soap Glycerin 

soda 


An important modern development is the direct 
hydrolysis of fats by water at high temperatures. 
This permits isolation and rectification of the fatty 
acids, which are neutialized to soaps, and is the 
basis of a i ontinuous process. 

Synthetic detergents. Ingenious modifications in 
both the polar and nonpolar portions of the soap 
moletule have been obtained by organic synthetic 
techniques to give detergents A principal advan- 
tage of synthetics lies in their lesistance to for- 
iiation ot insoluble soap curd. Soaps give cuid 
^iy reaction with metal-ion impurities in natural 
water, particularly calcium and magnesium. Alka- 
line-earth and heavy-metal salts of anionic synthet- 
ics are more soluble than metallir soaps. Another 
advantage is resistance to acidity by many syn- 
thetics. Carboxvlate soaps are hydiolyzed at low pH 
to give insoluble acid soap precipitates. Addi- 
tional advantages are obtained by moleculai 
modification of soap, such as optimum hydro- 
philic-lipophilic balance and solubilization char- 
acteristics, germicidal action, and fabric softening. 

Polar groups most commonly used to replace car- • 
boxylate are deiived from sulfuiic acid. Examples are 
alkyl sulfates, ROSOsNa; alkane sulfonates, RSOaNa; 


and alkyl ar)l sulfonates. 


R 


SOjNa. 


Fatty-acid amides and esters prepared from taurine 
(H2NCH2CH2SO3H) and isethionic acid (HGCH2CH2' 
SO3H) were early examples of synthetics. Alkane 
phosphonates represent another type. All these are 
examples of anionic synthetics. 

Even greater modification of the polar 
group may be made by changing the sign of the 
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charge on the surface^active ion. A well-known 
example of the class of cationic detergents, or in- 
vert soaps, is the quaternary ammonium salt 
CifiH33N(CH.T)3+Br'. In another variation, the 
nonionic detergents, the polar group is a non- 
dissociated hydrophilic group, usually containing 
a multiplicity of oxygen functions (ether, alcohol) 
which engage in hydrogen bonding with water. 
An example is the ester made from a fatty acid and 
sugar. Another common type results from poly- 
merization of several ethylene oxide units on an 
alcohol, R — O — (CH2CH2O — )nH. Amine oxides, 
such as R — N(CHa)2— > 0 , and the related phos- 
phine oxides have also been introduced. 

As sources of the hydrocarbon moiety, synthetic 
materials (for example, polypropylene benzene 
from petrochemicals, and products of the Oxo and 
Fis(!her-Tropsch processes) may now compete with 
natural products, such as tallow, grease, nut oils, 
marine oils, and tall oil. Thus, a variety of chain 
lengths and branched structures not commonly 
found in nature is available. 

Such branched-chain structures may be resist- 
ant to biological degradation and lead to problems 
in sewage treatment and pollution of surface 
waters. This characteristic has been especially 
important with the commonly used alkyl benzene 
sulfonates derived from petrochemicals. Legisla- 
tion in Germany and elsewhere has been concerned 
with nonbiodegradable or “hard” detergents, and 
there is currently a shift to the manufacture of 
“soft” detergents based on straight-chain structures. 
This has advantages not only for water resources, 
but also in detergency performance. 

Detergent solutions. The nature of the soap- 
water system has been investigated extensively, 
'rhe phase relationships of anionic and cationic 
detergents are similar in a general way. and even 
non ionic detergent solutions show many of the 
same properties. 

A very dilute soap solution exists as a solution 
of an electrolyte that is extensively hydrolyzed. 
Sodium soaps are not very soluble at room tem- 
perature; the more soluble potassium and substi- 
tuted ammonium soaps are used in liquid soap 
formulations. The solubility of a soap increases 
gradually with temperature, until suddenly, over 
a small temperature range, a very marked solu- 
bility increase occurs. This range is the Krafft 
temperature; additional amounts of soap intro- 
duced at this point do not go into true aqueous 
solution but exist as the colloidally dispersed phase 
called micelles. Micelles represent an association 
of the surface-active ions into a cluster with the 
nonpolar groups in the interior and the polar 
groups in contact with the water. The energetics 
of this process involve changes in the ordered 
structure of associated water molecules and con- 
stitute an area of current research interest. The 
critical concentration at which micelles begin to 
form may be taken as the limit of simple solubility 
of the soap in water. Various properties of the 



Fig. 1. (a) Schematic structure of middle soap. (b) 

Cross section of a cylinder. (From V. Luizati, Nature, 
180:600, 1957) 


(a) (b) 

Fig. 2. (o) Schematic structure of neat soap, (b) Sec- 

tion through a soap layer. (From V. Luzzati, Nature, 
180:600, 1957) 

solution, whk^ vary with soap concenlralion, 
reach more nearly constant values at this point. 
These include surface tension, conductivity, and 
wa.shing ability. Water-insoluble substances, sncli 
as hydrocarbons, may be solubilized into the in- 
terior of micelles. See Micellk. 

Such dilute soap solutions are called iiigrcb. 
At sufficiently high soap concentrations, a viscous 
middle phase (Fig. 1 ) appears, presumably by 
coalescence of the micelles into long chains. At 
still higher soap concentrations, the less viscous 
neat phase (Fig. 2 ) has another type of order: 
great sheets of soap molecules are present. Middle 
and neat phases arc anisotropic, or liquid crystal- 
line phases. 

'rhe effect of .salts on soap phase behavior is 
\ery great and is of imiK)rtance in the chemistry of 
the soap kettle. Neat soap, the goal of the kettle 
boiler, is salted out (pitched) when the desired 
stage of fat hydrolysis is reached. In subsequent 
treatment of the neat, as the concentration of 
water becomes low, the various waxy and solid 
crystalline phases appear. These, in the molded, 
roll-dried, or spray-dried forms, are the soap bars, 
flakes, and powders of commerce. 

The well-known household detergent washing 
powders are commonly obtained by spray drying a 
slurry of detergent, such as alkyl sulfate, a number 
of minor additives, and often large amounts of 
alkaline builders, such as silicates and phosphates* 
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t'sperially NasPjOio. Potabsium detergent and 
builder salts are used in liquid heavy-duty detei- 
gent products. f j. t. yokf | 

Soapstone 

\ soft talc-rich rock. Soapstones are rocks com- 
posed of serpentine, talc, and carbonates (magne- 
site, dolomite, or calcite). They represent original 
peridotites which were altered at low temperatines 
b\ hydrothermal solutions containing silicon diox- 
ide, Si02; carhon dioxide, COj; and other dis- 
solved materials (products of low-grade metaso- 
matism). Among the rock products thus formed 
are antigorite schists, actinolite-talc schists, and 
talc-carbonate rocks. To the last belongs the true 
soapstone, but the whole group of rock mav loosely 
be refeired to as soapstones because of their soft, 
soapv consistency. Such rocks were selected by 
prchistoiic men for making primitive vessels and 
pots, and also foi making rough carvings for oina- 
nicnlal purposes See Talc . [ 1. 1 . w. BARni] 

Social animals 

Those animals whose social behavior may be de- 
fined as anv bchavioi stimulated bv or acting upon 
another animal of the same species. Tn this broad 
sense, almost anv animal which is capable of be 
h iMor is to some degiee social Even those animals 
uhich are completely sedentar>, such «is adult 
sponges and sea squirts, lune a tendency to li\e in 
colonies and are scjcial to that extent. Social re- 
actions aie occasionally given bv other species 
than the aniinars ov\n, for example, the lelations 
between domestic animals and man 

Organization. Animals vary m the amc^ int and 
kind of social behavior thev show. This in turn 
ileiei mines the degree of social oiganizaticjii of 
whjc Ii they are capable. The vast niajoiit> of lowei 
animals merely form temporal > aggregations based 
on the two most primitive forms of social behavioi, 
sexual behavior and sheltei seeking. Among Proto- 
zoa paramecia may come together in pairs to 
coniugate, or huddle together in large groups to 
minimize unfavorable conditions. The mere prox- 
iiTuh of other animals of the same species is enough 
to ( reate a more favorable environment under many 
situations Such piimitive aggregations pro^juced 
h\ sexual behavior and bhelter-seeking provide the 
basis for the evolution of more complex types of 
SOI iai behavior and organization. 

The higher animals have evolved more complex 
types of social behavior and developed more per- 
manent and more complex organizations. In addi- 
tion to sexual behavior, their repioduclion involves 
the care of the young, and this care-giving or 
^pimeletic behavior is the foundation of social life 
tn the insect societies. Ants, for example, form a 
P^'rmanent group of adults and young. There is a 
dnision of labor by castes, so that the sterile fe- 
males, or workers, care for the young, and the 
f<*ilile females, or queens, produce all the eggs. 
Social insects. 


Allelomimetic and agonistic behavior. Care-giv- 
ing plays an important but not predominant role in 
the social life of vertebrates. With their well-de- 
veloped eyes, many vertebrates are capable of al- 
lelomimetic behavior, the tendency for animals to 
mutually mimic each other’s actions. This behavior 
produces long-lasting cohesive groups, such as 
schools of fish, flocks of biids, or herds of mam- 
mals Similar groups are formed hv squids, made 
possible bv the highly developed eyes of these 
molliisks. The higher animals aic also capable of 
agonistic behavior, including fighting, escape, and 
defense. This results in dominance organization and 
social hieiarchies, and also leads to the division of 
living ‘.pace into teiiitories A complex vertebrate 
society mav show all of these advanced types of 
social organi/ation as well as the moic primitive 
ones 5ceSo(iAT hurarchy. 

General classification. There are three general 
types of social animals; those which are found only 
in temporary aggregations, including all the lower 
invertebrates; those whicli live in permanent 
groups hound together by care-giving behavior, 
such as the insect societies; and those whose per- 
manent groups die organized thiough mutual imita- 
tion and agonistic behavior (often in addition to 
care-giving), such as many veilebrate societies. Man 
belongs to a fourth type in which a highly de- 
velopc'd communication system has been added to 
the above social plot esses. 

FISH 

lust as mammalb are dominant on land and birds 
in the air, fish arc the dominant vertebrates in water 
habitats. Fish have competed successfully with 
both the mollusks and arthropods, foimerly domi- 
nant in the ocean, and only a few of the large sized 
c ephalofiods and crustaceans lemain. Fish of larger 
sizes compete most uccessfullv, and the smaller 
fishes have not displaced the small imeitebrates 

The sharks, ravs, and othei elasmobranch fishes 
originated in salt water and never successfully 
moved into fi esh- water habitats. On the other hand, 
the modern bony fishes first evolved in fresh water 
I'ld have since moved hack to populate the ocean. 

Adaptation and behavior. The behavioral capac- 
ities of fish reflec I their waterv habitat. Those living 
in ( lear, well-lighted water usually have large eyes 
adapted for vision over short distances. Theii chem- 
ical senses are highly developed, and fishes are 
able to taste the water in a variety of way.s. Some 
fishes even have taste buds on the outside of the 
body. The nostrils also are used to sample the wa- 
ter. and are higlily developed in sharks. The 
lateral lines are impoitant sense organs not found 
in other vertebrates. They have the function of 
delecting small currents and pressure changes ih 
the water, and a fish deprived of these lines is quiet 
and unresponsive to most changes in its environ- 
ment. Fish have a well-developed sense of hearing 
but require no external organs for the concentra- 
tion and tiansmission of sound. In some, the hear- 
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ing mechanism is connected to the swim bladder. 
A few slow-moving, bottom-living fish such as cat- 
fish have special feelers or tactile organs. See 
Swim bladdfr. 

The motor organs of fish are primarily adapted 
for rapid movement through the water. Lateral 
movement of the tail is transformed by the flexible 
tail fin into forward propulsion. Other fins are pri- 
marily used for steering Compared to other verte- 
brates fish are poorly equipped with manipulative 
organs 

As to psvchological capacities, fish are capable 
of rapid conditioning Trout in hatcheries quickiv 
learn to rise for food at any splashing noise Fish 
can learn simple mares and are able to find their 
way back to their home ranges quickly under nat- 
ural conditions On the other hand, much of their 
social behavior, particularly that connected with 
mating and nest building, is largely organired by 
instinct 

Social behavior. The social behavior of the three- 
spined stickleback Ga^terosteus aculeatus^ has 
been thoioughiv studied Except dining the breed- 
ing season these small, fresh-water fish live in 
schools When the mating season arrives the males 
leave the school, change color and select territories 
on a sands and weed> liottom area The male builds 
an elaborate nest mound and makes a tunnel 
through It Eventually the females approach in 
schools and the male goes towaid them in a rigrag 
courtship dame If the female is leady to spawn, 
she follows him to the nest and lavs the eggs which 
are immediately fertilized by the male This ac 
eomplished he drives her away and stays in the 
nest, fanning the eggs with his fins The young 
hatch in 7 8 days and soon emerge in a swarm 
around the nest If one wanders away the male 
pic ks it up in his mouth and brings it back to the 
school He guards them for a few weeks, then leaves 
the teriitorv and the voung go on their wav in the 
school Such behavior is typical of many bony 
fishes, and even the river dogfish Amia raha, one 
of the most primitive of the group, builds a nest 
and guards the young frv See Tr Ran oriai ity 

Social hfe Compared with birds and mammals, 
fish lack some of the basic types of social behavior 
As water-living animals they have no problem of 
waste disposal and consequently ha\e no special 
patterns of eliminative behavior Fish never feed 
theii young after hatching, and their care-giving 
behaiior is limited to offering shelter and driving 
off predators The connection between offspring 
and parents is brief at best, and the young show 
little care sol i( it ing behavior Much of the social 
life of fishes iv concentrated around the school, in 
which miitiidl imitation or allelomimetic behavior 
coordinates the group and provides mutual safety 
Other social life ceiiteis around mating and nest 
building 

Most fish do not swim around in the water at 
random but live in definite localities Fresh-water 
fish taken av^av from their home ranges will return 



Fig 1 Allelomimetic behavior in fishes (From J P 
Scotty Animal Behavior, University of Chicago Press, 
1957) 
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rapidly if it is at all possible In long lived species 
the same individual may be found in the same spot 
>eai after year Definite teintories aie set up dtir 
ing the breeding season bv many fishes and proba- 
bly are important at other times as well 

Migration Fish also show remaikable examples 
of migration Salmon t>pKallv migiate in schools 
from their fresh water spawning grounds to the 
ocean and return at maturity several years later 
to the same stream They recognize the stream 
through their chemical senses which detect slight 
diffetenc es in the water The salmon must therefore 
have learned to reeogni/e this water in early life 
The Atlantic eeU migrate from their spawning 
grounds in the Sargasso Sea to the coasts of Europe 
and North America, returning at maturity in a trip 
of se\eral thousand miles. In either case the fish 
show remarkable powers of orientation. 

Corn mnn nation Studies with h>diophones show 
that many species of fish make use of auditory com- 
munication, although these noises are seldom ap- 
parent to land living animals The toad fishes emit 
warning signals when other fish approach theii 
territories. Other species make noises which are 
useful in coordinating a school, either at night or 
in the semidarkness of the ocean bottom. 

Breeding behavior. In many fish such as trout 
and salmon, parental care is reduced, and the im- 
portance of the school increased In the Alpine 
char of Europe, the male sets up a breeding ter- 


ritory on the gravel bottom of a clear lake or 
stream. A female enters the territory and digs a 
nest by lying on her side and flipping up her tail to 
move the small stones by suction. After courtship 
the eggs are deposited in the nest, and the female 
covers them with gravel. Any eggs which are left 
uncovered are eaten by the parents. Usually the 
same female digs several nests and covers them 
after all the eggs have been laid. The females re- 
main a few days in the vicinity of the nests, de- 
fending them as a territory. The male shows no 
further reaction to the nest but will court other 
females if they enter his territory. The parents have 
no protective reactions to the young fry, and eat 
them if they appear. The young fish must depend 
upon the school for safety. 

The school. The school is perhaps the most typi- 
cal part of the social life of fishes. Tt is usually an 
association between newly hatched young, but 
many species such as herrings and mackerel spend 
most of their lives in such a group. Even at spawn- 
ing the school of hei rings stays together and sheds 
spiTra and eggs without parental care. The mem- 
liers of a tvpical school are highlv allclomimefic, 
rcatting to the movements of animals on either 
side If one fish finds a source of food, others close 
l)\ « ome immediatelv. If it reac ts to a source of 
danger, olheis react in tiiin, so that the whole 
gioup is thiown into violent turmoil. In the result- 
ing disiuibance a piedator is likely to be confused 
and his vision icduced. There is no evidence of 
Icadeiship in such gioups. nor that one fish consorts 
Avith particular individuals. At the other extreme, 
manv spec ies of small fish such as guppies, which 
iiorrnallv live in muddy and weedy localities, do 
not form s( liools at all. 

Social life. The SOI ial life of the bony fishes is 
fhercfoie chiefly organized around places rather 
than individuals. The relationships set up duiing 
mating are ver> brief, and there are no known in- 
^tani es of long-lasting associations between paients 
ind ofTspiing. It is possible that such relationships 
might exist in some of the elasmobranch fishes 
whose young are born alive, but little is known con- 
*cining them. Social hierarchies are formed in 
laboratory aquariums by such species as the Sia- 
mese fighting fish and may have some importance 
in nature. However, most agonistic behavior ia Con- 
cerned with guarding territories or young individ- 
uals. Fish living in large schools do not exhibit such 
l>eliavir»r and the group is organized simply on the 
hdsis of allelomimetjc behavior and social attrac- 
tion. The limitations of social organization in fish 
are in part a reflection of their limited manipulative 
abilities. These in turn limit the care which can be 
given to other individuals, and are in part a result 
uf the limitations imposed on the sense organs bv 
water living, which makes the recognition of in- 
dividuals difiicult. Even within these limitations, 
have developed a remarkable variety of social 
'organizations. New and interesting facts are con- 
tinually being discovered as modern scientific in- 
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struments make it possible to study fish in their 
natural habitats. 

BIRDS 

Birds are highly social animals. They move so 
rapidly and freely that their social behavior is not 
always apparent to the casual observer, but when 
their actions are studied more carefully it is found 
that birds develop a great variety and complexity 
of social organization. Their biological differentia- 
tion of labor is simpler than that of insects, since 
there are only three principal types of individuals: 
males, females, and young. However, they exhibit 
all the basic types of social behavior in well-de- 
veloped forms and are capable of considerable dif- 
ferentiation of behavior on the basis of learning 
and experience. 

Habitat. Birds are basically aeiial animals, and 
various species have populated the entire surface of 
the earth, from polar regions to the Equator, and 
from deserts to midocean. Their aerial habitat gives 
them extraordinary freedom of movement, and 
manv species have developed extraordinary capaci- 
ties fot migration. It also makes them greatly de- 
pendent upon weather conditions, and one of the 
characteristics of the social behavior of birds is 
regular seasonal change. In keeping with their 
habitat, birds have highlv developed eves which are 
the dominant sense organs. Hearing comes next 
and with this an extraordinary sense of balance. 
The senses of smell and taste are relatively iinim- 
poitant. 

The wing is, of c ourse, the chief locomotor organ 
for all fl>ing birds. This leaves the beak and claws 
to serve other functions such as manipulation and 
prehension, and their modification is one of the 
chief anatomical characteristics of the different 
families of birds. Even with their limited motor 
organs, some birds are able to peiform highlv com- 
plicated manipulative acts, such as nest cemstruc- 
tion bv orioles. 

Social behavior. In theii psychological capaci- 
ties birds vai> continuously from such species as 
till keys, which seem to have almost all their be- 
havior organized bv heredity into rigid insLinc‘ts, to 
birds such as crows and jac kdaws, whic'h are highly 
adaptable and organize a great deal of their be- 
havior on the basis of learning and experience. 

Coloration, With their great mobility, birds fre- 
quently encounter other birds of different species^ 
which creates a problem of separation between 
different societies. The bright colors and plumage 
changes found in many biids are closely related to 
social behavior and serve to differentiate between 
species, the sexes, and adults and young. Display 
behavior, emphasizing the plumage, is a prominent 
part of sexual behavior in manv species. This oftep 
forms a kev stimulus, or releaser, which limit.s the 
mating reaction to one species. 

Communication, Display is a type of communica- 
tion. In addition, birds have a wide variety of vocal 
signals; best-known of these is the song of the 
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Fig. 2. Strutting or display behavior of the male 
sage grouse^ {From J. P. Scott, Animal Behavior, Uni- 
versity of Chicago Press, 1957) 


peirhint; birds, ncm shown to lie a tetritorial si^rnal. 
In some sjieries the song is in pari learned: in 
others it i*^ developed even by biids reared in isola- 
tion. Certain species, siieh as erows and paiiols. 
have powers of \oeal imitation ^uperioi to those of 
tnainmals, but even when human words are learned, 
there is no evidenee that the birds do more than 
learn a eompli<*ated trick. Such patroting is toiind 
in nature in the* songs of moc’kinghirds. Vocal and 
visual signals are impoitant mechanisms in the 
socdal organization of birds but are not used as a 
true language. 

Efffft of aerial life. .Social behavioi is affeclc'd 
still inoie directly bv ac'iial life. One niaior adapta- 
tion is rapid development of the young. The voung 
of the song sparrow are ready to fly 17 davs after 
hati'hing and are cornpleteK independent of the 
parents by dO da>s. F^ven large birds such as gulls 
and geese reach adult si/e within the shoit breed- 
ing season of a few months. This means that in 
manv birds there is little opportunity for a parent- 
offspring relationship to dc'velop. The most promi- 
nent social relationship of most birds is conse- 
quently the male- female relationship or the pair 
formation. 

Imprintififf. Most highl> socdal animals have a 
period eailv in life when the primary social rela- 
tionships are foimed on the basis of early socdal 
experience. This primaiy sot iali/ation or imprint- 
ing lakes place verv rapidly in prec’oeious birds 
such as duc‘ks and geese, but is spread over a longer 
period in birds which arc hatc'hed in an immature 
stale. The parasitic cowbiids and cuckoos do not 
become imprinted by their foster parents but join 
their own kind after leaving the nest. 

Lotalization Another fundamental social process 
is that of becoming attached to particular places 
or home sites, or localization. Many species of 
birds have two homes, one during the breeding sea- 
son and another at other times. Migrations between 


the two may cover thousands of miles, and require 
extraordinary capacities for orientation, the basic 
nature of which is the subject of much research. 

Social organization, A few examples wiU illus- 
trate some of the basic types of social organization 
and its variability in birds. Perching birds such 
song sparrows and the various species of blackbirds 
typically spend the winter in the south and feed 
and fly in flocks. In the spring the males migrate 
northward and set up territories, each defended bv 
a single male, which sits in the middle and sings as 
a warning to tiespassers. F4ach male is dominant on 
its own terriloiv. Females arrive somewhat later 
and usually one settles with each male. Both par- 
ents care for the eggs and voung but the female 
usually takes a larger share itgi both ineiibation and 
feeding. In the autumn, the biids again unite into 
flocks and migiate southward. There is often a 
highly developed coordination in the flocks, but no 
leadership by a single individual. 

Gallinat eons birds. In gallinaceous birds such as 
rhi<*kens and their wild relatives, the grouse family 
the biids become attached to partiiulai places, but 
these aie not defended as leiiitories. Whenevci 
they gather into floc^ks they form stremg dcuninaiicc 
hieran*liies and indexed thc'se were first discoveicil 
in the domestic fowl. The hieiarcbv among males 
delcTiiiines which male will be able to do most ol 
the mating. There are no lasting sexual lelatTon 
ships, and muting is typically polvgvnous. (larc ot 
the voung is entirely by females. 

Doves and pigeons. 'Hie most extrc'inc* cases of 
pair forrnatioif aie found in doves and pigeons 
where the mated paii foims a lasting bond dining 
the bleeding season. In addition, the two sexes are 
moiphologically veiy similai. and the care of the 



Fig. 3. The qaping reaction in young desert horned 
larks, an example of care-soliciting (et-epimeletlc) be- 
havior in these animals. (From J, P. Scott, Animal 8®' 
havior. University of Chicago Press, 1957) 
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Fig. 4 Allelomimetic behavior in a male elk herd in 
Jackson Hole, Wyo. (From J, P. Scott, Animat Behavior, 
University of Chicago Press, 1957) 


and voiiiif; is shared equally There is a veiv 
close eooidination of artivities during ineiibution; 
one parent leaves and the other sits on the nest in 
regular rotation Territory is established only in 
the immediate area around the nest, and fighting is 
much milder than in either of the above types of 
birds. There is no leadership in the floeking be- 
hdvioi. 

Ducks and geese. As a final example, ducks and 
geese show strong pair formation which is often re- 
newed season after season. Furthermore, the rela- 
tion between parents and offspring is not broken 
off at migration, and the birds frequently migrate 
in family groups with a definite leader. They may 
meet in flocks of thousands at favorable resting 
places during migration, but each group sorts it- 
self out and continues as a unit. A territory^^lS' set 
up only in relation to the nests themselves. 

Social Structure. There are numerous other kinds 
of bird societies, and many of them are still in- 
completely described and studied. The previous 
examples illustrate certain important features of 
the social life of birds, each one of which may vary 
from a highly complex development to none. Flock- 
ing behavior is typical of birds. In the smaller fly- 
ing birds extraordinarily complex and rapid ma- 
neuvers based on allelomimetic behavior are seen; 
in some larger birds there appears considerable 
leadership. In contxast, the hawks and owls are al 
most entirely solitary in their movements. Terri- 
tory is another important feature of bird life, rang- 
ing from the large breeding territories of the perch- 
ing birds to the small nest area in gulls and other 


colonial sea birds. In still others there are no defi- 
nite teirilories. Pair formation can result in male- 
female relationships lasting for life, or can be a 
lasual sexual encounter. The result of combining 
these basil variable phenomena is a large variety of 
bird societies, each of which functions effet lively 
for the particular species concerned as long as en- 
vironmental conditions are reasonably constant 
When the social structure is rigid, and dependent 
on the hereditary nature of the species, altered en- 
vironmental conditions may result in extinction. 
When social structure is flexible, as it aptiears to 
be in mallard ducks, for example, the species may 
flourish in a variety of environmental conditions. 

Knowledge of the social organization of birds 
ha.s important practical applications in the con- 
servation and protection of these animals for bunt- 
ing and other purposes, as well as great theoretical 
interest for the student of animal and human socie- 
ties. Just as mammals do, birds show all basic types 
of social adaptation, expressed in many sorts of 
social relationships and in complex social organiza- 
tions, Unlike mammals, their behavior, and hence 
their social organization, is much more definitely 
organized by heredity or instinct. It is perhaps be- 
cause of this limitation that true language, per- 
mitting a more advanced type of social organiza- 
tion, first appeared in a mammal rather than in the 
highly vocal birds. 

MAMMALS 

Mammals are warm-blooded vertebrates which 
typically live on the land surface of the globe. 
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Several orders, however, have semiaquatic forms, 
such as muskrats and beavers among rodents, and 
otters and seals among carnivoies One entire order, 
the whales* has become complete!) water living, 
and another, the bats, has developed the power of 
active flight and has taken to the air 

A common characteristic of the entire group is 
the mammary gland used for the feeding of the 
new born >oung Because this is developed only in 
females, there is a general tendem y for a differen 
tiation of labor in which the females care for the 
young and the malts spec lalire in fighting behavior 
In the subclass Marsupialia, the nipples are en 
c losed m a brood pouc h in whic h the young spend 
most of their earlv life The earlv ingestive be 
havior of mammals or nursing, thus has a high de 
gite of social signific anc e 

In addition to their great varietv of habitats 
mammals eat a great varietv of foods and occ upy 
inan\ different ecological niches Unlike birds 
there are almost as many mammals which are 
noctiitnal as those which aie chiefly active during 
the dav 

Behavioral capacities. Depc ndmg on its habitat 
a gi\en species mav use one or more of the sense 
organs more than the others Some nocturnal ro 
dents such as mice and rats use the tactile and 
auditory senses a gieat deal more than the eyes 
whereas a diurnal tree living animal such as a 
squirrel mav chiefly use its eyes All major sense 
organs are well developed in eac h spec les 

Mammals show a great variety of motor capaci 
tic s The limbs can he highly de\c loped for digging 


ab they are in moles and badgers, or used almost 
entirely for locomotion as they are in the hoofed 
mammals An arboreal primate such as the chim- 
panzee has all four limbs developed for manipuia 
tion and prehension Fven the tail can be used for 
prehension by some of the monkeys At the other 
extreme, the hind limbs of whales are externall) 
invisible and the foie limbs are used only as flip 
pers 

Mammals have relatively large and complex 
brains, with a large development of the cerebral 
cortex There i® also a considerable capacity tor 
behayioral adaptation through learning Unlike 
birds there are relatiyely few mstancen of elaborate 
patterns of behavior which are oonipleteh fixed hv 
heredity In general mammals are highly adapt 
alile both from the evolutionary viewpoint and in 
their capacity to adjust to daily changes in the 
c-nviionment 

Social behavior of the American elk. 1 his is one 

of the largest living species of the deer family 
standing as high as a hoise The eyes car-^ and 
nose are all well de\cdoped The males grow large 
antleis which are used c hiefl\ in the rutting scasiin 
and are shed in the early spring Flk weie ongi 
nally plains living animals hut aic now rcstruted 
by hunting to the open aieas in the Rocky Mniin 
tains They are highly social animals and live ifk 
large herds 

Social life IS closcdy lelated to the seasons In 
the autumn the male herds bicak up Fach iinlc 
attempts to rounci up a herd of females with whom 
he mates as c^uch c oiiies into estiiis If anothc i male 



Fig 5 Agonistic behavior in a herd of buffalo, two 
males sparring (From J P Scoff, Animal Behavior, Unh 
versify of Chicago Press, 1957) 
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appears, the two begin a furious pushing contest, 
ending when one is exhausted and driven off. 5ee 
EhTKDS. 

As winter comes on, the males and females sepa- 
rate into different herds and migrate to lower alti- 
tudes. Hundreds of individuals may move together, 
producing a migration trail which looks almost as 
if it were a roadway. 

In the spring there is a return migration to the 
higher altitudes. Each band separates from the 
large winter herd and goes back to the locality 
from which it came. Males go higher than females, 
i%hich stay together and bear their calves. As is 
true with many members of the deer family, the 
young calves will “freeze," or stay (fuiel. while the 
mothers leave to graze or browse. Usually at least 
one female stays in close proximity to the young 
animals. The calves at first obtain most of their 
nourishment bv nursing from their mothers. When 
alarmed, thev call to the mother They grow rap- 
idl\ during the summer and follow their mothers 
throughout the first year. The seasonal round of 
behavior begins again with the rutting season in the 
autumn 

Types of sortal behavior in elk. The most highlv 
(le\ eloped Ivpe of social behavior is allelomimetic. 
m i^hich each animal does the same things as those 
nearbv, all responding to each other. This results 
in ihe formation and continued existence of a herd. 
Mso of importance in these herbivorous animals is 
ingestive behavior, \dults spend a great deal of 
time browsing and grazing. A more highly socdal 
soit of ingestive behavior is the nursing of the 
< dives. Related to this is the care-giving or epi- 
rneletic behavior of the mothers and the care-solic 
iting behavior of the voung. Agonistic behavior, 
t imsisting of fighting and escape behavior, is com- 
mon in the males during the rutting season. As is 
true of most of the herd animals, fighting is individ- 
ual and groups never combine against one animal. 
Scxudl behavior occurs at the same time, but only 
tor a brief period with each female. Investigative 
behavior is common, and the animals are continu- 
dllv raising their heads to look around. There is no 
special pattern of eliminative behavior and rela- 
tively little social shelter-seeking. 

Social relationships. Social behavior results in 
the formation of social relationships. This is pfrtly 
based on biologic^al differentiation into three types, 
males, females, and young, each with its character- 
istic behavior. There are six possible combinations 
between them, and each kind of social behavior 
may lesult in the formation of a social relationship 
within a particular combination. 

The sexual relationship developed between males 
and females is a brief one, lasting only as long as 
the male is able to maintain his dominant position 
In relation to a herd of females. It has no impor- 
tance at other times of the year, although it may 
play some part in holding the male group together 

Both male-female and female-female relation- 
ships can involve dominance and subordination. 
However, as is the case in many grazing animals. 
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Helationship 

Type of social 
lK*havior 

Typical combina- 
tions formed 

Care-dependency 

Care-giving 

Care solid ling 
Ingestive (ca- 
pcKsially 
nursing) 
Shelter-seeking 
Kliiiiinative (in 
some species) 

Adult young (esp<»- 
cially female- 
young) 

Sexual 

Sexual 

Investigatory 
Eliminative (in 
some spcM'ios) 

Male-female 

Dominance- 

buhordiuation 

Agonistic 

Mal(*-inale (hut also 
in all other roiiihi- 
nations) 

LcMider-fcdlower 

Allelomiiuetic 

Keniole-yoiiiig (usu- 
ally weaker in other 
combiniitiorm) 

Mutual cure 

Cure giving 
(grooming^ 

Adult-adult 

Mutual defenfM* 

Agonistic 

Male-mnle 


whose food is scatteied in such a way as to prevent 
competition, dominance has little importance ex- 
cept in the breeding season. Even here a male may 
he able to hold a dominant position only for a por- 
tion of the season. 

In female-voung associations the caie-depend- 
enev relationship is important and long-lasting. As 
is the ( asc in other herd animals, females will allow 
only their own young to nurse, and a close associa- 
tion is built up throughout the nursing period. This 
relationship lasts into later life and forms the 
foundation of leadership within the herds. The 
young born in the same year and within the same 
herd also form a lasting relationship with each 
other. This group is particularly important for the 
males when they separate from the females as 
adults. In the female herds a leader- followei rela- 
tionship develops, first between mother and off- 
spring and eventually between older and younger 
females. This basically allelomimetic relationship 
is one of the two most important social relation- 
ships developed in an elk society. 

Unlike the situation among many birds and fishes, 
the migration trails are apparently learned from 
one generation to the next and have been altered 
within historical times. The animals become local- 
ized, that is, they become attached to the area in 
which they were brought up, but there is no de- 
fense of territory. Strange herds mingle with each 
other without fighting, and agonistic behavior is 
important only in the rutting season. 

Other ungulates. The social behavior of other 
even-toed ungulates follows a pattern similar to 
that of the elk. The red deer of Scotland are quite 
similar to them, and even more distantly related 
animals such as goats, sheep, and bison have the 
same general characteristics. There is much empha- 
sis on ingestive behavior, because enormous quanti- 
ties of vegetation must be eaten. A typical grazing 
animal follows a regular cycle of grazing and stops 
to chew its cud every few hours. Among the more 
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social species this is always done in concert with 
others, so that allelomimetic behavior is also highly 
important. Under natural conditions the result is 
the enormous herds of ungulates which were once 
seen on the plains of North America and South 
Africa. 

The predominant social relationship of the even- 
toed ungulates is the mother-young relationship. 
Its formation has been studied in detail in sheep. 
The mother sheep will allow only its own lamb to 
nurse and will drive all others away. The behavior 
of the mother toward its own lamb is fixed within 
the first 4 hours alter birth. The result of this close 
and definite relationship is that leadership is de- 
veloped by females, and social inheritance tends to 
be matrilineal. 

Social behavior of wolves. These carnivorous an- 
imals are especially interesting because of their 
wide distribution and their close association with 
man in fact and legend. The first domestic animal, 
the dog, was derived from them and has almost 
identical patterns of social behavior. 

Under ordinary (*nnditiuns the food supply of a 
cainivore is not regularly available in any one area. 
(]onaecfuently the chief activity of wolves is hunt- 
ing, a form of investigaloiy behavior Much of this 
is done at night. Having spent the dav in or near 
the den, the wolf pack assembles toward evening 
and hunts far away, iisiiallv returning by morning 
The hunting range may be 20-50 miles across. In 
their hunting activities, they show a great deal of 
allelomimetic behavior, both in searching for and 
pulling down game, but there is little evidence of 
consistent leadership by one individual. 

Matum and tare of young. Mating behavior takes 
place in January or February. The entire e*)tiou*« 
c ycle of a female extends for 6 weeks or more, 
during which time theie is long preliminary court- 
ship as well as actual mating. A peculiarity of 
sexual behavior is the sexual tie, in which the male 
and female remain coupled for as long as hour 
It is not known whether the female mates with more 
than one male, but in related animals which do not 
run in packs, such as foxes and coyotes, a female 
typicallv mates with one male, and the two form a 
lasting association. 

The cubs are born in early spring and are con- 
stantly attended by the mother during the first few 
days of life. As they grow older the mother must 
leave them to feed and hunt. There is usually a good 
supply of food at the den. either carried bark or 
vomited l»y the adults. The cubs begin to eat freshly 
vomited food at about three weeks of age and are 
completely weaned at 6 or 7 weeks. However, they 
are still unable to hunt and remain dependent on 
the adults until approximately 6 months of age. 

Thus the litter is in constant association from 
birth, but parents and other adults leave them for 
long periods each day. The closest social relation- 
ships are made v^ith litter mates, and this is the 
foundation for the new pack. The young litter 
leaves the old den at about 1 year of age, to settle 
down in a new territory. It is not known whether 


they are joined by other litters. Most wolf packs 
consist of five or six adults plus any young animals 
running with the pack but not old enough to leave 
it. 

Dominance, Agonistic behavior within the pack 
is organized into a definite dominance order. Oc- 
cupying such large ranges, there is no possibility 
of guarding the boundaries as territories, although 
some parks regularly hunt over circular runways. 
Wolves set up scent posts which are regularly 
visited and at which the animals urinate and defe 
cate. It is possible that in this way a wolf can tell 
whether a range is occupied and so avoid it. The 
den area is a definite territory; a strange wolf 
coming to the den is attacked and driven off. 

Wolves are relatively long-lived animals, and 
social relationships, including the sexual one, are 
quite persistent. The allelumimetic relationship 
between littei mates is a must important one, and 
also important is the dominance-subordination rela- 
tionship. The relationships between parents and 
offspring are relatively unimportant. 

Cat family. By contiast. members of the cat fam- 
ily tend to emphasize the mother-offspring rela- 
tionship. This is associated with a different method 
of hunting: lying in wait for the prey and pursuing 
it for a short distance rathe? than ranging widely 
In addition, rats aic less omnivorous and more de 
pendent on meat than members of the dog familf 
The young develop rapidly and are assisted in their 
first hunting by the mother. With the exception oi 
lions, cats tend to be solitary in their Imnting 
activities and sMow very little allelomimetic be 
havior 

Seals. Alaskan seals show hiahly organized so 
rial behavior upon their breeding grounds. The 
males take up territories along the shore in the 
late spring and defend them against males and 
othei mammals. As females arrive, the males guard 
them as a harem. A few davs aftei arrival the fr 
males produce their pups and shortly come intn 
estius, mating onlv once Females leave theii pup*' 
in groups while they swim off to feed, but males do 
not feed in this period. Females do not bleed until 
4 or 5 years c/f age, and males are not able to main- 
tain harems till about 10 years. Large groups of 
Immature males stay outside the territories of the 
harem males. After the young are mature enough 
to leave the breeding grounds, the seal herds break 
up and become almost entirely aquatic until the 
new breeding season. 

Breeding grounds relations. Two social relation- 
ships are prominent on the breeding grounds: the 
dominance relationship of the harem males, and 
the mother-offspring relationship. The sexual re- 
lationship has little social importance. In general- 
the social behavior of carnivores is related to their 
food habits. Investigatory behavior is always prom- 
inent. Possibly because of this, carnivores have « 
strong reputation for intelligence. Some arc 
strongly allelomimetic, but many are almost soli- 
tary in their activities. The care of the young 
greatly emphasized, because successful hunting de 



pendb upon size and experience. Agonistic behavior 
m also of great importance, as might be expected in 
a hunting animal. The parent-offspring relation- 
ship is important in early life because of the diffi- 
cult manner of obtaining food. In some species, 
hut not all, the sexual relationship is an important 
one. and there is a tendency toward the develop- 
ment of lasting bonds between males and females. 

Social behavior of rodents. Among mammals, 
rodents are good builders and diggers, and this is 
reflected in their social life. Perhaps the highest 
development of rodent society is found in the 
prairie dog, a large ground squirrel of the western 
idains. These animals dig numerous burrows and 
pile the dirt in mounds which are the outward signs 
of a prairie dog town. A town is subdivided into 
territories, each inhabited by a coterie of prairie 
dogs A coterie includes one or two male and two 
01 three female adults, which produce numerous 
voting and guaid the territory of perhaps half an 
ure Mating takes place in Feliniary and March, 
it which time there is a good deal of fighting be- 
itveen males and some reorganization of territories. 
Fath female in the territory retires t<» a particular 
lull low and giiatds it as long as the >oung are be- 
low ground. Males must stav in otiici holes. When 
llic voung come out in April the females relax and 
ill again |HMceful within the » olerie. 

I he >oung learn the territorial boundaries bv 
bring ibailenged as lliev cross them. There is some 
SOI lal organization throughout the entire town, and 
iiiv prairie dog that sees dangei gives a warning 
"ignal which alerts all the rest. In I line and July 


ilic adults leave the feiiitorv to (onstriict new hiii- 
lows on the outskirts ot the colony. Thus there is a 
h'gnlai < iiltiiral inheritance. The young learn the 
Jnriiory Irorn the parents and inherit the hiiiiows. 
Mils system provides for colonization and also 
nicans that the experienced adult animaN live on 
'he outskirts of the colony, the part most exposed 
to danger. 

In behavior typical of most other lodents, the 
ininupal type of social behavior is the care of the 
v'>ung in the nest, a relationship which tends to 
bn'dk up as the young leave. The male-female rela- 
iioiiship is more important than in ungulates hut is 
r»*lativel\ unstable. The voung are bound togetljer 
'liicfly hv the tPiritorial system. There is almost no 
‘llt'lomirnetir behavior and consequently very little 
‘oordinated group acthity. In the less social ro- 
such as mice, an entire society may consist of 
' mother and her young. 

Social behavior of primates. Among primates, 
MKidl behavior is characterized by an emphasis on 
"pxual behavior. Adult males and females con- 
''laiulv associate with each other throughout life. 
Iheie is also a great deal of emphasis on care- 
Pi'mg behavior, particularly by females but also 
nial^s. The young are carried by the female for 
At Ira-*.! a year and may asscjciale with her for much 
longor^ The result is the formation of the typical 
Piimale group of males, females, and young, of 
the human nuclear family is an example. 
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The baboons and their relatives, the rhesus mon- 
keys, exhibit one type of primate society. A group 
of two or more males, several females, and assorted 
young occupy an area of about 2 square miles. The 
adult males have a strict dominance order among 
themselves but combine with eac-h other to attack 
piredators which threaten the group. In a well- 
organized band, females in the period of estrus. 
which lasts for several days, go from male to male 
within the group without exciting fighting. Mothers 
carry their young and pay close attention to them. 
Males respond if the young are hurt or give a call 
of distress. The young baboons spend a great deal 
of lime in play with each other and thus presumably 
set up the relationships which will maintain the 
group when they are adults. 

The size and composition of primate societies 
varies from speties to species. In the gibbons, in 
which the two sexes are much alike in physique and 
both are highly aggressive, the typical grcuip in- 
cludes only one adult male and female*. The forest- 
living great apes, such as chimpanzees and gorillas, 
live in small groups of eight or nine, mostly voung, 
with one or two c*ach of adult males and females. 
In contrast, the macaques may form groups as large 
as l.'iO. Thus the ground-living primates foim larger 
groups than those which live in trees. However, 
there is a great variety of social organization and 
hehav ior in primates, and no one spec ies can be 
taken as an exact model for primitive human be- 
havior 

Development of social organization. The post- 
natal development of each spec ies is closely related 
to the social organization typic'al of the adults. 
Kveiv liighl> social animal has a slioit period early 
in life when it readily forms attachments to any 
animal with which it has piolonged c*ontacl. This 
critical pciiod for primal v socialization can be 
dc»monstrdtcd bv lemoving young from their natural 
parents and tearing them bv hand. Experience be- 
fore this period has no effect; during the period 
the young animal transfers all its native social be- 
havior to man; thereafter this process becomes 
increasingly difficult, although captivity and hand 
feeding have some effect even on adults. 

Process of socialization. The process of sociali- 
zation begins almost immediately after birth in 
ungulates like the sheep, and the primal y relation- 
ship is formed with the mother. In dogs and wolves 
the process does nut begin until about 3 weeks of 
age, at a time when the mother is beginning to 
leave the pups. Consequently the strongest rela- 
tionships ate formed with litter mates, thus form- 
ing the foundation of a pack. Many rodents stay 
in the nest long after birth ; primary relationships 
are therefore formed with nest mates. Young pri- 
mates are typically surrounded by a group of their 
own kind, but because they are carried for long 
periods the first strong relationship tends to be 
with the mother. 

Mainmalian society. In summary, mammals may 
develop all types of social behavior to a high de- 
gree, but not necessarily In every species. The 
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above examples include four highly developed so- 
cieties from representative orders; in other species 
certain types of social behavior may be completely 
absent. Mammals have great capacities for learn- 
ing and adaptation, which means that social rela- 
tionships are often highly developed on the basis of 
learning and habit formation as well as on the basis 
of heredity and biological differences. The result- 
ing societies tend to be malleable and variable 
within the same species and to show considerable 
evidence of cultural inheritance from one genera- 
tion to the next. Mammalian societies have been 
completely described in relatively few forms, and 
new discoveries will probably reveal the existence 
of an even greater variety of social organization. 

Basic human social organization and behavior 
obviously differs from that of all other primates, 
although it is related to them. At the same time, the 
range of variability of human societies as seen in 
the nuclear family does not approach that in mam- 
mals as a whole. Human societies are characterized 
bv the presence of all fundamental types of social 
behavior and social relationships rather than by 
extreme specialization. ( j.p.s.] 
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Social hierarchy 

Social hierarchy was first adequately described in 
flocks of domestic hens. The fighting behavior of 
each individual hen is organized so that in any 
given pail, hen A always pecks hen B and never 
the icverse. In this way an entire flock can be de- 
scribed in teims of social rank, or a “peck order,” 
This tvpe of .social organization is an important 
general phenomenon among higher animals. 

Dominance-subordination relationships. A so- 

« lal hierarchy is composed of many dominance- 
siiboidination relationships. When two hens are 
brought together for the first time they usually 
hght. The next time they come together the fight- 
ing has a shorter duration. One hen forms a habit of 
winning and the other of losing. Eventually the 
lelationship is reduced to a threat or peck by 
the dominant hen and avoidance or submission to 
the peck by the subordinate one. The hens thus 
form a social relationship ba.sed on agonistic be- 
havior, whi( h IS defined as any behavior connected 
with f onfljct between two individuals, and including 
fighting, escape, and submissive behavior. 


Possible arrangements of dominance hierarchies* 
in a group of three animals, assuming that each 
relationship shows either a complete dominance or 
complete peacefulness, are shown: (1) straight - 
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line dominance order, commonly found in flocks* of 
hens in aggressive breeds; \2) triangular ordei, 
less common; (3) one dominant and two subordi- 
nate, common in mouse groups; (4) two dominant 
animals and one subordinate; (5) one dominaiKc 
lelationship, C is peaceful with both; (6) all ani- 
mals peaceful, with no dominance order, frequently 
found in young animals reared together. 

Since most of the lower invertebrates do not 
exhibit agonistic behavior, social hierarchies have 
so far been found only in arthropods and \ertc 
brates. In arthropods, the best examples are found 
in crayfish and other Crustacea. While fighting o( 
curs in some insects, it is doubtful whether ^luc 
dominance-subordination relationships are formed 
In the higher social insects, ‘uih as ants, l^pc^ 
wasps, or termites, no fighting takes place within 
the colony. Oii^the other hand, domjnance-suboidi- 
nation relationships have been described in all 
classes of vertcbiates, although they have little 
impoitaiice among amphibia, which are poorly 
equipped for fighting behavior. The social liiei 
archv is thus a typical attribute ot vertcbiate soiie 
lies, reaching its highest deveb>pmenl in bird^ and 
mammals. 

Dominance organization. Dominance oigam/a- 
tion results in the c^ontrol and reduction of fight iiifi 
behavior within a group. Hens in an organized floe k 
gain more weight and lay more eggs than those in 
a flock which is continually disturbed by the intro- 
duction of new members. At the same lime, animaN 
at the top of a dominance hierarchy frequently 
have the advantage over low-ranking individual 
in competition for food, territory, and mates. The 
nature of competition depends on the genetic con- 
stitution of the species. Deer and many similar 
grazing mammals fight over mates, but not over 
food or territory. Chickens compete for food, hut 
this is important only if the supply is limited oi 
concentrated in one place. The net result of a social 
hierarchy depends on the nature of the animals in- 
volved plus the nature of their environment. 

Under natural conditions dominance organiza- 
tion is frequently set up in a much less violent 
manner than that described above. Young animal® 
accept dominance from older ones on the basis of 
threats. Young goats reared together may either 
develop peaceful relationships or develop 
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nance relationships on the basis of more or less 
playful fighting. In any case, a naturally formed 
group tends to be better organiased. Violent and 
bloody fighting is likely to occur only where 
strange animals are brought together and kept un- 
der confined conditions. 

Hgroditary influancM. Hereditary differences in 
agonistic behavior have a profound effect upon 
dominance relationships. In any combat, size is 
usually an advantage, as is aggressiveness. The 
small, unaggressive animal tends to come out at the 
bottom of the dominance order. Excessively aggres- 
sive animals, such as gamecocks or terrier dogs, 
are frequently unable to form dominance relation- 
ships, as the winner usually kills the loser. In con- 
trast, unaggressive animals form flexible hier- 
archies or no hierarchies at all. In unaggressive 
breeds of dogs, any animal may be left in possession 
of a bone, depending on which one gets it first. In 
moderately aggressive breeds they tend to form 
rigid hierarchies like those of hens. 

Range of dominance. Dominance relationships 
may vary a great deal in the same animal group. 
In a flock of goats, dominance relationships range 
from those which are completely peaceful through 
varying degrees of dominance. The most extreme 
dominance relationships are almost as peaceful as 
relationships in which there is no dominance, be- 
cause the subordinate animal avoids the dominant 
one on all occasions. Dominance can be seen only 
when the two are forced together. The greatest 
amount of fighting occurs in a relationship of un- 
settled dominance, in which the animals fight every 
time they meet, but neither wins. 

Dominance hierarchy. The dominance hierarchy 
tan be either extremely important or completely 
nonexistent, depending on the species of animal 
involved. Well-developed dominance relationships 
tend to be relatively permanent, persisting over 
peiiods of years in long-lived animals. Such social 
oiganization may have important effects on the 
control of fighting within a species, the division of 
food, territory, and mates, and upon the selection 
of surviving individuals. At the same time it should 
he remembered that this is only one aspect of social 
organization and that important relationships 
which do not involve fighting, such as care-depend- 
ency and leader-follower relationships, also^Acist 
in animal societies. See Behavior, ontogeny of; 
animals; Social insects. [j.p.s.1 

Rihliography: W. C. Alice, A. E. Emerson, 
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Social insects 

Social organization hoa evolved independently sev- 
**ral times in unrelated groups of the class Insecta. 
The best examples of these social insects are the 
termites of the order Isoptera, and the social wasps, 
l>ees, and ants of the order Hymenoptera. Qiarac- 
teristically, social insects are differentiated and 


specialized in structure, function, and behavior into 
castes, which live in colonies and exhibit group in- 
tegration and division of labor. The principal castes 
are the reproductives, which include the king and 
queen, and the sterile, the workers and soldiers. 
The reproductive caste performs the fundamental 
function of reproduction, distribution of the species 
accompanied by swarming or colonizing flight, 
choosing the site for the new colony, excavation of 
the first galleries, feeding, and care of the first 
young of the new colony. 

The termite sterile castes consist of workers 
and soldiers represented by both sexes; but among 
social wasps, bees, and ponerine ants (Ponerinae), 
the workers are the only sterile caste, consisting of 
nonreproductive females. The function of the work- 
ers, which form a majority in the population, is that 
of tending the eggs, young nymphs or larvae, feed- 
ing and cleaning other castes, and constructing and 
repairing the nest, and gathering food. The .soldiers 
are structurally modified to defend the community 
against predators. 

Social insects arose from subsocial insects show- 
ing some sort of a communal mode of life and di- 
vision of labor. The termites arose from ancestral 
cockroaches. The social wasps belong to the family 
Vespidae and are related to spotter wasps Eumenes 
and Odynerus, which are essentially solitary in 
habit. Ants form a family Formicidae and arose 
from a solitary wasp, but there is no living repre- 
sentative of this ancestral family. The bethylid wasp 
(Scleroderma) is its closest living relative. The 
social bees evolved from solitary bees, which in turn 
evolved from sphecoid wasps. 

Caste determination. In the two main orders of 
insects having social organization, caste determina- 
tion is due to different factors. Extrinsic factors, nu- 
trition, and genetics are involved. 

In the order Hymenoptera (wasps, bees, and 
ants), caste differentiation has both a genetic and 
nutritional basis. The differences between male and 
female have a genetic basis. The male develops from 
an unfertilized egg, and therefore contains one set 
of chromosomes, and is haploid. The queens, 
workers, and soldiers are female, develop from a 
fertilized egg and are diploid, containing two sets 
of chromosomes. The differences between the 
worker and the queen are correlated with differ- 
ences in the quality and quantity of food. It is well 
known that in the honeybee, the worker and drone 
larvae are fed with royal jelly for the first 3 days 
and bee bread (honey and pollen) for another 3 
days. The queen larvae are fed entirely with royal 
• jelly. 

In termites, the order Isoptera, caste differentia- 
tion is due not to genetic but to extrinsic factors. 
The most adequate and experimentally supported 
theory is that of ectohormone inhibition (see In- 
sect physiology), which states that the reproduc- 
tives and the soldiers give off secretions or ectohor- 
mones containing inhibiting substances, passed to 
the nymph through mutual feeding (trophallaxis) 
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within the colony. Thus the reproductives and sol- 
diers exert a sphere of inhibiting influence against 
the development of like forms; the substance is 
< astc specific. When, because of increase in popula- 
tion. some undifferentiated nymphs fall beyond this 
influen<*e or the substance, being limited, is no 
longer distributed by trophallaxis in effective 
amounts, then certain additional members of the 
caste may differentiate. It is believed that the initial 
trend of development is toward reproductives. In- 
dividuals inhibited against such development 
tend to become soldiers, and if inhibited in this 
direction remain undifferentiated nymphs function- 
ing as workers or bf'come workers. 

Reproduction and fecundity. Among the s(»cial 
insects, rcpiodiiction is essentially similar in the 
various groups. Fecundity and colony formation, 
however, are quite variable. 

Reproduction. A single egg-laying queen is typi- 
cal for most colonies of social insects. In some so- 
cial wasps (Polistes annularis and Nertarina) and 
ants, however, the colony is built and maintained 
by several queens. It has been repoited that one 
nest ol the ant Formica exectoides contained 1407 
queens. In the majority of termite nests, a single 
queen and king occur with or without supplemen- 
tarv leproductives, but* several instances have been 
leported of two queens and a king, and two kings 
and a queen. 

Fedmdity. This is an important variable which 
determines the potential size of a colony. The 
queens of primitive social wasps, bees, ants, and 
termites lay few eggs per day. The fecundity of spe- 
cialized social insects, however, has developed enor- 
moiislv. An ant queen has been recorded as laving 
341 eggs per dav. Army ant (Keiton) queens pro- 
duce as many as 20,000 in a few days, and 3021 eggs 
per da> have been counted for a honeybee (pieen. A 
(pieen of a certain tropical species of termite has a 
capac itv of 6000 7000 eggs per dav for l.S-50 years. 
Such queems attain an enormous si/e. Old queens of 
Odontotermes obesus in India for example, reat'h a 
length of 5 in. or more. 

Colony foundation. Colony foundation, in the 
social insects, is the result of many factors such as 
temperature, moisture, or overcrowding. During 
this phase of colony foundation, the interesting 
phenomenon of swarming may be observed in some 
groups. 

In social wasps {Polistes^ Vespula) and bumble- 
bees. the impregnated queen hibernates over the 
winter and founds a new colony in spring. She 
settles in a suitable location and constructs the first 
shelter, lavs the eggs in it, and rears the first brood. 
The first brood consists of workers only, which 
take over such duties as foraging, nest building, 
and care of young. In late summer, males and young 
queens appear in the nest. Workers, males, and old 
queens die as winter approaches, leaving only the 
young fertilized queen to survive and perpetuate the 
colony. 

In higher ants, the queen founds a new colony by 
a mating flight from the old one. The voung 


males and females emerge from exit holes for the 
mating flight. The queen copulates with many males 
which die after mating and never take part in colony 
foundation. The queen drops to the earth, pulls off 
her wings, digs a hole in the soil, imprisons herself 
and lays the eggs. She feeds the larvae with a secre- 
tion derived from the absorption of her wing mus- 
cles. The first brood hatched are small workers. The 
queen produces eggs for 12-17 years from sperms 
stored in the spermatheca at the time of her mating 
flight. As the colony grows, young winged queens 
and males are produced. 

In some genera of ants (Formica^ Eciton) “bud- 
ding** of the old colony takes place when a portion 
of the worker population migrates with one or moie 
fertile queens to form a new coloipy. 

The propagation of c(»lonies by the honeybee is 
by s«v aiming. Kach swarm consists of an old queen 
and a mass of about .35,000 workers, which fly out 
of the parental nest, find a new nesting site and 
establish a new colonv. Swarming is controlled b\ 
temperature and crowding within a colony. During 
swarming, the bees give out an odtir from their 
scent glands which serves as a guide in the foima- 
tion of clusters, in an old colonv, mating of the 
queen takes place during the nuptial flight in whiih 
drones from many colonies take pait. The dione 
dies after mating. 

In termites, the male and female piav equal paifs 
in colonv foundation. 1'he> leave the old < oIon\ in 
the form of a mass exodus, the so-called swarm- 
ing or coloniziiiu flight. Swarming is controlled 
by a certain combination of temperatiiie and mois- 
ture. The flight usually lakes place either pisi be 
fore or mote often just after a lainfall. The wtuker- 
prepare exit holes for emergence of the winged re- 
prodiictives. The reproductives become photoposi- 
tive and fly short distanc^es in all directions, foi ter 
mites are weak fliers. After swarming foi a biief 
period, they lose their wings and pairs aie formed 
on the ground, where the females attiact the male*- 
by means of their abdominal scent glands. They be- 
come photonegative once again, and together dig a 
hole in the soil or dead wood and block the en- 
trance. After some time they copulate, and the first 
nymphs develop into workers. Copulation occurs at 
bhort intervals throughout the life of the queen. 

Colony age. The age of the colony varies in dif- 
ferent groups of social insects. Communities of so- 
cial wasps (Po/wfesl, bumblebees, and others liv- 
ing in temperate latitudes are short-lived, existing 
only through the summer season. Colonies of tropi- 
cal species tend to live longer. 

The longevity of members of the honeybee hive 
varies under different conditions. Normally the 
queen survives 3-4 seasons, although two cases have 
been reported where the queen lived 7-9 years. The 
drones survive for 3-4 months. Workers live for 
6-10 weeks in summer and 6 months or longer in 
winter. 

The colony of the ant Formica ulkei lives for al- 
most 25 years. Forel has mentioned that one nest of 
Formica pratensis lived for 40 years. The longevity 
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o{ all caste members of the same colony has never 
been determined in natural colonies. In an artificial 
nest of Monomorium pkaraonis females lived 39 
weeks, males not longer than 2 3 to 4- 5% weeks, 
and workers lived 9 weeks. 

In species of termites which produce supplemen- 
tary queens and kings, the colony is potentially im- 
mortal. In those species which do not produce sup- 
plementary sexuals, the colony is short-lived. 
F. N. Ratcliffe mentions that a colony of Nasuti 
tr/mes graveolus at Darwin, Australia, has been in 
existence for over 30 years and a mound of Tumuli- 
tetmes triodiae for over 150 years. This record is 
remarkable since this species does not produce any 
supplementary reproductives. 

Population size of colonies. The colony size of 
MU’ial wasps varies from 25 100 individuals in the 
species Polistes to about 400 in Vespa maculata and 
11,000 in Vespa ittlgaris. In modern hives of honey- 
bees a Upical colony consists of about .30,000 indi- 
viduals, although the population may drop to 10,000 
or less during winter and rise to 70.000 during 
more favorable seasons. Mature colonies of btimble- 
Uev contain 1000 2000 individuals The si/e of ant 
(idonics differs foi diffeient species from 20 indi- 
\idiiais in Sysphinrta peigtnidei to 2.37,000 in For- 
mi((i exseftoides Population of fiillv grown ter- 
mite colonies show a wide range from several 
liiiiidrcds in Kalotetmes and Retif ulitermes, to some 
millions in mound-building spec ies In the tropics. 

Food. Nutiitionnl requiiements of social insects 
vcirv ( onsidciablv. Larvae of social wasps feed 
mainly on chewed insec ts, while adults eat a variety 
oi food including fruit juices, syrups, and other 
‘'Weels, nectar, caterpillar juices, and animal food. 
Hie bees are specialized pollen and nec'tar feeders. 
Most of the primitive ants are carnivorous, while 
otfiers live on spec'ial food such as honey dew se- 
nsed by aphids and caterpillars and sweet liquid 
Irom flower nectaries and fruits. Higher ants are 
\ei:etarians and have developed harvesting habits 
of t ollec'ting and storing seeds and grasses. A few 
ants are fungus growers. Termites are specialized 
c'cdliilose feeders, utilizing mainly wood and fibrous 
products as food materials. Some of the primitive 
*eimite species depend upon flagellate pioto/oa to 
digest the cellulose for them (see Mastigophora]^ 
Hip most specialized species have lost such depend- 
**nre upon symbionts and probably produce the 
necessary enzymes themselves. 

\mong social insects, the young receive food 
bom workers or queen. The young in turn give off 
''ftretions which are licked by the workers. This 
mutual exchange of food between young and adult, 
known as trophallaxis, is very important among so- 
("lal insects. It serves as a bond of solidarity and 
Permits the colony to expand in numbers without 
dtp members losing recognition and thus becoming 
hostile to each other. 

Cannibalism is very common in ants, termites, 
®nd wasp colonies. It probably regulates the popiila- 

bon of a colony and conserves valuable food prod- 
»trts. 


Nest. The social insects control the environment 
in their nests. This control helps the population to 
live under stable conditions and avoid external en- 
vironmental fluctuations of temperature and humid- 
ity. The nest also gives protection from predaceous 
animals and provides for storage of food and culti- 
vation of fungi. 

The social wasps and bees build comb nests. The 
social wasps make circular or hexagonal cells of the 
comb from a mixture of chewed old wood, tough 
plant fibers, and salivary secretion: this mixture is 
reduced to a pulp mass of paper consistency. The 
cells are arranged in vertical rows and open down- 
ward. I'he <*ells mav be naked, as in Polistes, or 
covered with an envelope, as in Dolichovespula. 
These nests are found in dark pla<*es such as hol- 
lows of trees, between adjacent walls, undei stones, 
caves, and branches of trees. 

The honeybee comb mass is made of wax. The 
cells are of various si/es and arranged in regular 
patterns. Cells of the workei brood and those which 
store pollen are smaller than those which •house 
drones and store honev. 

Ants nest in all sorts of places such as hollows 
of trees or cavities in plant stems, seeds, nuts and 
galls. Some such as the caipenter ants excavate 
galleries in wood. The majority of ants are eat th- 
dwellers in subterranean passageways or mounds. 
The earth nest may be small and simple mav be 
quite large and elaborate, consisting of large num- 
bers of tunnels and galleries. Certain chambers 
in suih underground nests serve as brood c hambers, 
while others serve for storage of food. 

The primitive tei mites are wood-dwelling and 
build nests in dry or damj) wf>od. The higher ter- 
mites are earth-dwelling and build carton nests, 
mounds, or subteiranean tunnels. The nests have 
an enclosed system of tunnels which is capable of 
maintaining the high degree of humidity necessary 
for the survival of the soft-bodied teimite popula- 
tion. 

The insect society, which has all the attributes of 
the organism (growth, reproduction, replication, 
symmetry, legeneration, homeostasis, adaptation, 
ontogeny, and phylogeiiv). has sometimes been 
referred to as a supraorganism. The unit of natural 
selection here is the entire cobipy instead of the 
individual member. See Hymenoptera; Isoptera. 

^ I K.K.l ^ 

Bibliography I W. C. Alice et al., Principles of 
Animal Ecology, 1949; C. D. Michener and M. H. 
Michener, American Social Insects, 1951; W. M. 

Wheeler, The Social Insects, 1928. 
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Soda niter 

A nitrate mineral having chemical composition 
NaNO.^ (sodium nitrate). Soda niter is by far the 
most abundant of the nitrate minerals. It crystal- 
lizes in the rhombohedral division of the hexagonal 
system. It sometimes occurs as simple rhombohe- 
dral crystals but is usually massive granular. The 
mineral has a perfect rhombohedral cleavage, con- 
choidal fracture, and is rather sectile. Its hardness 
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18 to 2 on Mohs 9ca]e, and its specific gravity 
is 2.266. It has a vitreous luster and is transparent. 
It is colorless to white, but when tinted by impuri- 
ties, it is reddish brown, gray, or lemon yellow. See 
Nitrate minerals. 

Soda niter is a water-soluble salt found princi- 
pally as a surface efflorescence in arid regions, or 
in sheltered places in wetter climates. It is usually 
associated with niter, nitrocalcite, gypsum, epsom- 
ite, mirabilite, and halite. 

The only large-scale commercial deposits of soda 
niter in the world occur in a belt roughly 450 miles 
long and 10-50 miles wide along the eastern 
slope of the coast ranges in the Atacama, Tarapaca, 
and Antofagasta Deserts of northern Chile. The de- 
posits consist of a thin bed of nitrates and asso- 
ciated minerals, varying from a few inches to a 
few feet in thickness, overlain by a shallow over- 
burden of sand and gravel The crude soda niter, 
known as caliche, is about one-fourth sodium ni- 
trate, admixed with other salts, notably bloedite, 
anhydrite, gypsum, polyhalite, halite, glauberite, 
and darapskite, together with minor amounts of 
various iodates, chromates, and borates. Because 
of the presence of the iodate minerals lautarite 
and dietreite, these deposits yield most of the 
world’s supply of iodine. 

The origin of these deposits is controversial. It 
is generally agreed that the nitrates were trans- 
ported by ground water and deposited by evapora- 
tion. The source of the nitrate has been attributed 
to (1) guano; (2) nitrogen fixation by electrical 
storms; (3) the bacterial fixation of nitrogen from 
vegetable matter; and (4) a volcanic source in 
nearby Triassic and Cretaceous rocks. The last 
source seems the most probable. See Nitrogen cy- 
cle. 

Chilean nitrate had a monopoly of the world’s 
fertilizer market for many years, but now occupies 
a subordinate position owing to the development 
of synthetic processes for nitrogen fixation which 
permit the production of nitrogen from the air. 
This has led to the commercial production of arti- 
ficial nitrates and has reduced the need to import 
Chilean nitrates for use in the manufacture of 
fertilizers and explosives. See Explosion and ex- 
plosive; Fertilizer; see also Caliche; Nitrate; 
Nitrogen; South America. 

Small deposits of soda niter similar to those in 
Chile are found in Bolivia, Peru, North Africa, 
Egypt, U.S.S.R., India, and western United States. 

[C.S.1 


Sodalite 

A mineral tectosilicate of the feldspatKoid group, 
crystallizing in the isometric system, with chemical 
composition Na 4 Al)Si<)Oi 2 Cl. Crystals, which are 
rare, are usually dodecahedrons. Sodalite is most 
commonly massive or granular. There is poor do- 
decahedral cleavage. The hardness is 5-6 and the 
specific gravity 2.2-2.4. The luster is vitreous and 
the color, usually blue, may also be white, gray or 
green. Sodalite has been cut and polished for use 


as an ornamental stone. See Feldspathoid; Sili- 
cate minerals. 

Sodalite is a relatively rare mineral found m 
nepheline syenites and leucite-bearing rocks. It is 
thus associated with nepheline, leucite, cancrinite, 
and feldspar. It is chiefly a primary mineral, al- 
though some has formed by the alteration of neph- 
eline. Transparent crystals have been found in the 
lavas of Vesuvius, and the massive blue variety oc- 
curs in Ontario, Quebec, and British Columbia, 
Canada; and in Litchfield, Maine. Lr.s.HU J 

Sodium 

A chemical element, Na, atomic number 11, and 
atomic weight 22.991. Sodium is between lithium 
and potassium in group la 6f the periodic table 
The element is a soft, reactive, low-melting metal 
with a specific gravity of 0.97 at 20**C. Sodium is 
commercially the most important alkali metal, and 
annual production is over 250,000,000 lb. It was 
named by Sir Humphry Davy, who first isolated it 
by electrolysis, in 1807. 
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USM. The largest single use for sodium metal 
accounting for about 60% of total production. i*> 
in the synthesis of tetraethyllead, an antiknock 
agent for automotive gasolines In this process, thf 
reaction of a sodium-lead alloy with ethyl chloride 
gives tetraethyllead : 

4PbNa + 4C2H5a (C 2 H 5 ) 4 Pb + 3Pb + 4Nari 

The unreacted lead is recycled in the process 

A second major use is in the reduction of animal 
and vegetable oils to long-chain fatty alcohols, 
these alcohols are raw materials for detergent man 
ufacture. This use has been decreasing, in favor of 
production of such alcohols by high-pressure cats 
lytic hydrogenation. 

Another major use is in the reduction of titanium 
and zirconium halides to the respective metaN 
Here the use of sodium is increasing at the expense 
of magnesium as the preferred reducing agent m 
such operations. 

Sodium metal is also used in making sodium h> 
dride, sodium amide, and sodium cyanide, as di** 
cussed in the section on inorganic reactions It i** 
also used in the synthesis of **isosebacic acid.’ 
described under organic reactions. The use of hO 
uid sodium metal as a heat-transfer agent m nu 
clear reactors is also becoming increasinglv im 
portant. 
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Sodium chloride is used in the manufacture of 
sodium hydroxide, sodium carbonate, sodium sul- 
fate, and sodium metal. In sodium sulfate manu- 
facture, hydrogen chloride is the co-product. In 
metallic sodium manufacture, chlorine gas is the 
co-product. 

Rock salt is used in curing fish, in meat packing, 
in curing hides, and in making freezing mixtures. 
Food preparation, including canning and preserv- 
ing, consumes much salt. Table salt accounts for 
onlv a small percentage of sodium chloride con- 
sumption, most of it going into the industrial uses 
outlined above. 

Sodium hydroxide is perhaps the most important 
industrial alkali. Its major use is in the manufac- 
ture of chemicals, about 30% going into this cate- 
gory. The next major use is the manufacture of 
rellulose film and rayon, both of which proceed 
through soda cellulose (the reaction product of 
sodium hvdroxide and cellulose) ; this accounts for 
about 25^^! of the total caustic soda production. 
Soap manufacture, petroleum refining, and pulp 
and paper manufacture each account for a little 
Ic'-s than 10^; of total sodium hydroxide uses. 

Sodium (*arbonate finds its major use in the glass 
irKlustr>, which takes about one-third of total pro- 
(iiK'tion. Approximately another third goes into the 
inanufdctiire of soap, detergents, and varkius 
i leanscrs. The manufacture of papier and textiles, 
nonferrous metals, and peti oleum products ac- 
HMinls for much of the balance. 

The major consumer of sodium sulfate (salt 
(akc) is the kraft pulp industry. Increasing quan- 
tities of sodium sulfate are being used in the manu- 
iactiirc of flat glass. Other uses of salt cake are in 
«lcici gents, ceramics, mineral slock feed.s, and 
pharmaceuticals. 

Occurrence. Sodium ranks sixth in abundance 
*imong all the elements in the eaith’s crust, which 
« t)ntains 2.S3Vf of sodium in combined form. Only 
oxygen, silicon, aluminum, iron, and calcium are 


more abundant. Sodium is, after chlorine, second 
most abundant element in solution in sea - water. 

The important sodium salts found in nature in- 
clude sodium chloride (rock salt), sodium carbon- 
ate (soda, trona), sodium borate (borax), sodium 
nitrate (Chile saltpeter), and sodium sulfate. So- 
dium salts are found in sea water, salt lakes, alka- 
line lakes, and mineral springs. Rock salt deposits 
occur where salt lakes and ancient seas have ex- 
isted. In the United States, salt domes are the ma- 
jor commercial source of sodium chloride as a raw 
material for sodium metal manufacture. These de- 
posits are found in Virginia, West Virginia, Michi- 
gan, along the south shore of Lake Erie, and along 
the Gulf Coast of Texas and I^uisiana. The salt is 
removed from the earth both by underground min- 
ing and by pumping water down to force up salt 
brines. 

Physical properties. The physical properties of 
metallic sodium are summarized in the table. 

Chemical properties. For convenience, the reac- 
tion«> of sodium are divided into inorganic reactions 
and organic reactions. 

Inorganic reactions. Sodium reac’ts rapidly with 
water, and even with snow and ice, to give sodium 
hydroxide and hydrogen. The reaclion liberates 
sufficient heat to melt the sodium and ignite the 
hydrogen. 

When exposed to air, freshly cut sodium metal 
loses its silvery appearance and becomes dull gray 
because of the formation of a coating of sodium 
oxide. Sodium probably oxidizes to the peroxide, 
Na 202 . which reacts with exces.s sodium present to 
give the monoxide, Na-^O. When sodium reacts with 
oxygen at elevated temperatures, sodium super- 
oxide, Na 02 , is formed; this reacts with more 
sodium to form the peroxide. Sodium also forms an 
ozonide, NaOa, when ozone is passed into a solution 
of sodium in liquid ammonia. 

Sodium does not react with nitrogen, even at very 
high temperatures. Sodium and hydrogen react 


Physical properties of sodium metal 


Properly 

TemfH'rature 

T. op 

Metric (scientific) 
units 

British (engineering) 
units 

Density 

0 

.32 

^ s 0.972 g/cm* 

60.8 


100 

212 

0.928 g/cm* 

58.0 Ib/ft* 


800 

1472 

0.7h7 K/cm» 

47.S lb/ft» 

Melting point 

97.5 

207.5 



Hoi ling point 

883 

1621 



Heat of fusion 

97.5 

207.5 

27.2 ral/g 

48.96 Btu/lb 

Ileal of vaporization 

88.3 

1621 

1005 cal/g 

1809 Btu/lb 

Viscosity 

250 

482 

3.8L mill] poises 

4.3 kinetic units 


400 


2.69 millipoises 

3.1 kinetic units 

Vaf)or pressure 

440 

824 

1 mm 

0.019 Ib/in.* 


815 

1499 

400 mm 

7.75 Ib/in.* 

Thermal conductivity 

21.2 

70.2 

0.317 cal/ (sec) (cm*) (®C) 

' 76 Btu/(hr)(ft*)C’F) 


200 

.392 

0.93 cal/ (sec) (cm*) (®G) 

46.7 Btu/(hr)(ft*)('F) 

Heat capacity 

20 

68 

0.30cal/(g)(T.) 

0.30 Btu/(lb)('»F) 


200 

392 

0.32 cal/(g)CC) 

0.32 Btu/(lb)(*F) 

Electrical resistivity 

100 

212 

965 microhm-cm 


Surface tension 

100 

212 

206.4 dynes/cm 



250 

482 

199.5 dynes/cm 
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above about 200*^C to form sodium hydride. This 
compound decomposes at about 400° C and cannot 
be melted. Sodium hydride can be formed by the 
direct reaction of hydrogen and molten sodium or 
by hydrogenating dispersions of sodium metal in 
hydrocarbons. Sodium reacts with carbon with dif- 
ficulty, if at all, and this reaction has not been ade- 
quately studied. 

At room temperature, fluorine and sodium ignite, 
dry chlorine and sodium react slightly, bromine 
and sodium do not react, and iodine and sodium do 
not react. However, moisture or elevated tempera- 
tures will speed the reactions enormously. 

Sodium reacts with ammonia, forming sodium 
amide and liberating hydrogen. The reaction may 
be carried out between molten sodium and gaseous 
ammonia. Alternatively, sodium metal reacts with 
liquid ammonia (— 30°C) in the presence of cat- 
alysts of finely divided metals. Sodium amide has 
been used in indigo manufacture fin the condensa- 
tion of sodium phenylglycinate to sodium indoxyl, 
which in turn is oxidized by air to indigo). Sodium 
reacts with ammonia in the presence of coke to 
form sodium cyanide. 

Carbon monoxide reacts with sodium, but the re- 
sulting carlwmyl, NaCO, is stable only at liquid 
ammonia temperatures. At high temperatures, so- 
dium carbide and sodium carbonate are formed 
from carbon monoxide and sodium. 

The reactions of sodium with various metal hal- 
ides to give the metal plus sodium chloride are ver> 
important. Thus, titanium tetrachloride is reduced 
to titanium metal. Similarly, the halides of zirco- 
nium, beryllium, and thorium can be reduced to the 
corresponding metals by sodium. The interaction 
between sodium and potassium chloride is used in 
the commercial production of potassium metal. 

Organir reactions. Sodium does not react with 
paraffin hydrocarbons but does form addition com- 
pounds with naphthalene and other polycyclic aro- 
matic compounds and with arylated alkenes. It re- 
acts with acetylene, replacing the acetylenic hydro- 
gens to form sodium acetylides. Sodium adds to 
dienes, the reaction which forms the basis of the 
buna synthetic rubber process used by both Ger- 
many and the U.S.S.R. in World War II. The addi- 
tion of sodium to butadiene can also be controlled 
to give a disodiiim butadiene dimer, which can be 
carbonated to give a lO-carbon atom dibasic acid 
known as “isosebacic acid,’' an important ingredi- 
ent in plasticizers for vinyl chloride polymers. 

The reaction of sodium with alcohols is similar 
to. but less rapid than, the reaction of sodium with 
water. Brick sodium, molten sodium, or sodium 
dispel sed in hydrocarbons may be used in the reac- 
tion with alcohols, and the alcoholate (alkoxide) 
products may be handled in solution form, in slurry 
form in hydrocarbons, or as dry, free-flowing pow- 
ders. 

Sodium reacts with organic halides in two gen- 
eral ways One of these involves condensation of 
two organic, halogen-bearing compounds by re- 
moval of the halogen, allowing the two organic 


radicals to join directly. See Wurtz reaction. The 
second type of reaction involves replacement of 
the halogen by sodium, giving an organosodium 
compound. Alternatively in this second class of re- 
action, a metal alloyed with sodium may replace 
the halogen after the halogen has been removed b> 
sodium; the reaction of sodium-lead alloy with 
ethyl chloiide to give tetraethyllead is an example 
of this type of reaction. 

Sodium can effect the reduction, condensation, 
and alkylation of carbonyl compounds. For these 
purposes sodium can be used in the form of the 
metal, as an alloy, as the alkoxide, the amide, the 
hydride, or as an organosodium compound to effei t 
various specific reactions. Most reactions of sodium 
with carbonyl compounds proceed through an m 
termediate formed by reaction of an active hydro 
gen atom with sodium. This intermediate then le 
acts with other molecules of the original com- 
pounds or with other active compounds present in 
the reaction mixture. 

Metallurgical extraction. Raw sodium chloride 
either enters the plant as a brine or is ted into a 
dissolver tank to produce a biine' This brine is 
treated with sodium hvdioxide and ferric, chloiidc 
and then with barium chloride to remove, among 
other impurities, any sulfate. The refined brine is 
then evaporated and the diied salt stoied. 

Practically all of the metallic sfidiiiro is maefe at 
the present time in the Downs cell, using a lialh 
consisting of molten sodium c blonde plus calc iiim 
chloride. The ^esence of 58 59^ of calcium c hlo- 
ride depresses the melting point of piiie Na(]l fioni 
800°C to 575 585°C. The lowei working tempci i 
lure simplifies cell construction bee aiise of less 
severe operating conditions 

The Downs cell is a large, refractory -lined, steel 
vessel. Graphite anodes proiect up from the bottom 
of the cell. These central anodes and the sunound- 
ing cylindrical steel cathode define an annular elec 
trolvsis zone. The gaseous product of the electiol 
ysis, chlorine, rises into the top of the cell ai'd is 
removed. Since the product, sodium metal, is lighter 
(specific gravity 0.88) than the molten bath (sp 
gr 2.1), it rises through the bath and is collected 



Schematic diagram of Downs cell for sodium produc- 
tion. (C. L Mant^ll, Industrial Electrochamistry, MeGra^' 
Hill, 1950) 
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Process flow sheet of modern electrolytic sodium plant. (US Industrial Chemicals Company) 


under the? inverted collector ring and forced by 
huoyancy up the sodium collector pipe. Some cool- 
inj 5 occurs in this riser pipe, and calcium metal, 
formed as a co-product with the sodium, precipi- 
tates out and falls back into the cells where it re- 
dissolves in the bath mixture. The sodium issuing 
from the receiver is 99.8% pure. 

Availability. Sodium is available in two grades: 
a commercial grade analyzing 99.8% sodium, and 
a special nuclear reactor grade manufactured, 
loaded, and shipped under argon gas after being 
[lassed through porous metallic filters to remove 
oxides. 

Sodium is available in containers ranging from 
1 lb to 80,000 lb net weight. For laboratory ^se, 
Mb bricks are available in hermetically scaled, 
key-opening metal cans. Bricks in 1-, 2%-, 5-, 12- or 
24-lb sizes are shipped in steel pails of about 2S lb 
net weight and in steel drums of about 300 lb net 
weight. Sodium is also available cast-solid in steel 
drums. Large consumers purchase sodium cast- 
solid in special railway tank cars of 80,000 lb net 
weight. Hot oil is pumped through channels in the 
Walls of the special car at the destination and the 
JT^olten cargo is withdrawn by vacuum. 

World sodium production in 1958 was about 300,- 
000,000 lb, and United States production accounted 
f«r about 260,000,000 lb of this total. The price of 
sodium in tank car lots was 16 cents per lb. 

Handling. Sodium and other alkali metals are 
no more diflBcult to handle than many chemicals 


used every day. There are some hazards involved, 
however: (1) fire and explosion from hydrogen 
evolved if the sodium comes in contact with water; 
(2) caustic soda burns from the residue of a so- 
dium-water reaction; (3) eye injuries from small 
pieces of sodium or caustic soda; (4) burns about 
the body from clothing ignited by clinging particles 
of burning sodium or flammable dispersed sodium; 

(5) irritation of the eyes and muqous membranes 
of the nose and throat because of breathing fumes 
from burning sodium; (6) flesh burns from contact 
with metallic sodium. 

Safe handling of sodium demands that users 
observe the following precautions: 

(1) Keep water away to avoid evolution of hy- 
drogen which can be ignited by the heat of reaction. 
(2) Use only dry nitrogen (containing less than 
1.0 mg/ft'^ water) to blanket sodium. (3) Use dry 
sodium carbonate (soda ash), dry sodium chloride, 
or dry graphite as fire-extinguishing agents. Do not 
use chlorinated hydrocarbons, carbon dioxide, 
foam, water, or soda-acid. (4) Know the physical 
and chemical properties of sodium and consider the 
potentialities of the reaction. Make initial trials of 
the reaction on a small scale. Control the reaction 
rate by adding sodium in small increments and by 
diluting the reactants with inert solvents. (5) Plan 
the disposal of sodium residues in advance. Dispose 
of scrap promptly, not allowing it to accumulate. 

(6) Store sodium in airtight, well-labeled, rust-free 
metal containers, away from water. (7) Use shal- 
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low metal pans on bench tops which can contain 
spillage in case of accident. (B) Wear clothing 
suited to the quantity of sodium being handled and 
to the temperature level at which it is being han- 
dled. This means goggles and gloves in most cases. 
It means full protective clothing for sodium at 
lOOO^’F under pressure. It means an impervious 
apron when dispersions of sodium in hydrocarbons 
are being handled. 

Principal compounda. Sodium chloride, or com- 
mon salt, NaCI, is not only the form in which so- 
dium is found in nature, but fin purified form) is 
the most important sodium compound in commerce 
as well. World production is about 60,000,000 tons, 
of which the United States produces about 20.000,- 
000 tons. 

Sodium h\di oxide. NaOH, is also commonly 
known as caustic soda. It readilv absorbs watei 
from the atmospheie and must be prolectt*d in stor- 
age and handling. It is corrosive to the skin and 
must be bandied with extreme care to avoid caustu 
burns 

Most sodium h\droxide is piodined bv the elec- 
trolysis of sodium chloiide solutions in one of sev- 
eral t\pes of electrolvtic cells An older proiess is 
the soda-lime proc'ess whereby soda ash is con- 
vened to ( dustii soda 

Nd,( O, Ca(OH)i-» 2NaOII + CaCO^ 

Sodiiiiii (arboiidte. NajCO . is best known under 
the ndme s<ida ash betause sodium caihonate oc- 
curs in land ome was extracted from) plant ashes 
Mosi sodium carbonate is produced bv the Solvav 
or ainmonid-sodd process In an initial reartion, 
salt IS converted to sodium bn arbonate 

NdCl 4 NH. 4 CO, 4 H,0-^ NaHCO, + NH,C1 

which piecipitates and is then separated. Heating 
of sodium hi( arbonate produces sodium carbonate 

2NdHCO, Na,CO 4 ( O, + H,0 

The carbon dioxide is lecvded in the process De- 
spite its appaient simplicity, the carrying out of 
this proc ess requires much tec hnic a1 skill. 

Sc»dium sulfdte, Na,SOi, is also known in the 
anhydrous form as salt c ake. The decahydrate, 
Na,SOi* 10H,O, is known as glauber salt. 

Most sodium sulfate is produced synthetically as 
a bv-prodiict or co-prciduct in various industries. 
The Mannheim futnace process for hydrochloric 
acid manufacture is one important source of salt 
cake, 

2NaCl + H 2 SO, NaaSO, + 2HC1 

The neutralization of sulfuric acdd in rayon and 
cellophane plants and in othei inorganic and or- 
ganic chemical processes accounts for much pro- 
duction. 

A lesser amount of sodium sulfate is produced 
from natural sources, such as salt deposits in Wy- 
oming, and lake brine in California. 

Analytical mathods. The determination of the 
sodium ion in solution is complicated by the high 


solubility of most sodium salts in water. Thus, 
quantitative determination of sodium relies heavily 
on gravimetric techniques using double uranyl 
salts, such as zinc uranyl acetate, as precipitants 
in moat cases. The yellow color imparted to a flame 
by sodium ions serves as a sensitive qualitative test 
for the piesence of sodium. See Alkali mlials. 

1 M.SI ] 

Bibliography: American Chemical Society, Han- 
dling and uses of the alkali metals, Advames in 
Chem, Scr., 19, 19.S7; C. B Jackson, Liquid Afef- 
als Handbook. Sodium-NaK Supplement, 3d ed , 
1955; R. N. Lyon, Liquid Metals Handbook, 2d 
ed., Navexos P-733 (rev.), 1954; J. W Mellor, A 
Comprehensive Treatise on Inorganic and Theoreti 
cal Chemistry, vol. 2, 1922; Marshall Sittig, So 
dium Its Manufacture, Properties, and Uses, 
19.56 

Sodium-vapor lamp 

An electric discharge lamp of monochromatic yel 
low light used primarily for street lighting The 
construction of a sodium-vapor lamp is shown in 
the illnstiation The an tube, in which the arc takes 
place, is made of glass The outer bulb has three 
walls foi better thermal insulation The electrodes 
aie coils of tungsten, which can be pieheated be 
fore starting the arc bv passing an elc^ctiic cuirent 
through each c'oil The die lube contains a snfall 
amount c>f sodium and some neon gas to fac ilitate 
starting 

In starting, tjpe elec ti odes are heated bv an elcc 
trie current, and a neon glow forms between the 
starting electrode and the adjacent main electrode 
(see Nion Glow lamp). As the neon glow filN tut 
aic tube, the resistance between main electrodes 
decreases, and an arc forms. The sodium vapori/es 
from the heat of the arc and electiodes, and sodium 
ions carry the arc during operation 

During the starting period, the lamp color is es 
sentidlly red, the characteristic c‘oloi of the neon 
glow As the lamp waims up and the sodium va 
pori/es, lamp color gradually shifts to the intenseb 



Ten-thousand-luman sodium-vapor lamp, (from 
noting Engineering Society, lES Lighting Handbook 
2d ed., 1952) 



yellow color that ia characteristic of sodium radia* 
tion. Sodium radiation is confined to a single band 
in the yellow region of the spectrum. This results 
in high luminous efficiency, since the human eye is 
quite sensitive to yellow light, but extremely poor 
rendition of colors. Because of their poor color- 
tendering properties, sodium lamps are limited to 
tasks where color is unimportant and efficiency is a 
primary consideration. In the United States, so- 
dium-lamp lighting is restricted primarily to street 
lighting and some building floodlighting, and these 
are being superseded by other types of lamps, such 
as the yellow-coated mercury lamp (acc MlR(URY- 
\Ai>oR lamp). Sodium-vapor lamps, however, are 
still popular in Europe. 

The narrow band of radiation from sodium lamps 
suits them ideally to optical work requiring mono- 
t hromatic light. A special sodium laboratory arc 
lamp is available for these applications. 

[a.ma.] 

HihUography. Illumindting Engineering S<Kiet>, 
lES Ughting Handbook^ 2d ed.. 1952 : P. H. Moon, 
Sdpntifir fiasis of Illuminating Engineerings 1936. 

SOFAR 

The name associated with explo^ve signals which 
follow transmission paths through deep ocean lay- 
ers Sounds originating moderately deep in the 
(Mean are refi acted so that thev propagate to laige 
distances with small losses. For example*, a small 
I \ plosive charge set off at 3000- or 4000- ft depth is 
detectable many hundreds of miles away If such 
iin explosive signal is re<*eived at two or more 
points, the geographical position of the explosion 
(an be calculated. This signaling teehiiicjuc* ha*^ 
been used to lo( ate aviators who have been forced 
doAvn in the open ocean, and explains the origin 
oi the word SOFAR, whi( h stands for .SOund Fixing 
\iid Ranging. 

The I ef Faction which makes possible this long- 
Mnge propagation occurs because the velocity of 
MMind has a minimum value at some depth (about 
ft in the North Atlantic). Because of refrac- 
iion. a large number of rays can propagate without 
''Irilving either the ocean bottom or surface. Since 
tlie sound is confined to a channel, the intensity of 
ihe sound carried bv these rays decays with tjhe 
inveise first power of the distance instead ot as 
flic in\erse square power a*^ it would in the absence 
'^f refraction. See Underwater sound. 

The signal received from an explosion through 
die SOFAR channel has a very special character, 
because only certain rays which leave the signal 
'<»urte are intercepted by a receiver at a distant 
P^dnt. d signal from an explosion consists of a 
*•«( cession of pulses, each one having followed a 
different ray. These become closer together and 
intense as time goes on, finally ceasing 
dbiuptly. The first received signal follows the ray 
that makes full excursions to the top or bottom, 
the last pulse being the one that goes along the 
channel axis. Although the latter pulse has gone 
the shortest distance, it arrives last because it has 
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followed a route where the velocity of sound is 
smallest. 

For a discussion of position fixing by the use of 
radio waves rather than sound waves, see Hyper- 
bolic navigation system. [r.w.mo.I 

Bibliography: W. M. Ewing, W. S. Jardetzky, 
and F. Press, Elastic Waves in Layered Media^ 
1957. 

Soft chancre 

A world- wide venereal disease, also known as chan- 
croid, caused by Haemophilus ducreyi (Ducrey’s 
bacillus). This species requires X factor (a hemin 
factor in blood), but not V factor ( phosphopyri- 
dine nucleotide). The lesion of soft chancre usually 
appears on the genitalia 4 10 days after contact. 
It Is an inflamed, edematous ulcer or chancre that 
must be distinguished from the less inflamed, indu- 
rated “hard chancre” of syphilis. It may be fol- 
lowed by swelling and ulceration of the inguinal 
lymph nodes. Diagnosis is by culture on infusion 
agar containing 2i)^/f rabbit blood or by* micro- 
scopic observation of the organism in material 
from the lesion. 'Fhe tetracycline antibiotics or the 
sulfa drugs are effective treatment. .SVe Antibiotk , 
Hi mopiiilu ba( ikria ; Syphilis. f w.f.v.I 

Soil 

Freeh divided rock-derived material containing 
an admixture of oiganic matter and capable of 
supporting vegetation. Soils aie independent nat- 
ural bodies, each with a unitfue morphology result- 
ing from a particular combination of climate, 
living plants and animals, parent rock materials, 
relief, the ground waters, and period of time. Soils 
support plants, oci upy large portions of the earth’s 
surface, and have shape, area, breadth, width, and 
depth. Soil, as used heie, differs in meaning from 
the teim as used bv engineers, where the meaning 
i.s unconsolidated rock material. See Pedology; 
Son MKiiANirs. 

This article is divided into five parts: origin and 
classification of soils, physical properties of soil, 
chemistry of the soil, soil management, and soil 
erosion. 

ORIGIN AND CLASSIFICATION OF SOILS 

Soil covers most of the land surface as a con- 
tinuum. Each soil grades into the rock material 
below and into other soils at its margins, where 
changes occur in relief, ground water, vegetation, 
kinds of rock, or other factors which influence the 
development of soils. Soils have horizons, or layers 
more or less parallel to the surface and differing 
from those above and below in one or more prop- 
erties, such as color, texture, structure, consistency, 
porosity, and reaction. The horizons may be thick 
or thin. They may be prominent, or so weak that 
they can be detected onlv in the laboratory. The 
succession of horizons is called the soil profile. In 
general, the boundary of soils with the underlying 
rock or rock material occurs at depths ranging 
from 1 to 6 ft, though the extremes lie outside of 
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Fig 1 Photograph of a soil profile showing horizons 
The dark crescent shaped spots at the soil surface are 
the result of plowing The dark horizon lying from 9 
to 18 m below the surface is the principal horizon of 
accumulation of organic matter that has been washed 
down from the surface The thin wavy lines were 
formed in the same manner 

this range Figure 1 is a photograph of a soil pro 
file showing hoii/ons 

Origin of soils. Soil formation pro< eeds in 
stages blit th(st stages ma> grade indistincth 
from one into another The first stage is the ai 
( iimulation of unconsolidated rock fragments the 
parent rnattiial Parent material may be acciimii 
Idled bv deposition of rock fragments moved by 
glaciers wind gravity or water or it may aiciimu 
Idle more or less in place from phvsical and < henii 
cal weathering of hard rocks Sec Wi-srHi^RiNi 
eRuttssts 

The second stage is the formation of horizons 
This stage may follow or go on simultaneously 
with the accumulation of parent material Soil 
horizons are a result of dominance of one or more 
processes o\er others producing a layer which 
differs from the layers above and below 

Major pro(e&^fs The majoi processes in soils 
which promote horizon differentiation are gains 
losses, transfers and transformations of organic 
matter, soluble salts, carbonates silicate clay min 
crals sesqiiioxides, and silica (^ains consist nor 
malh of additions of organic matter of oxygen and 
water through oxidation and hydration, but in some 
sites slow continuous additions of new mineral 
materials take place at the surface or soluble ma 
terials are deposited from ground water Losses 
are chiefly of materials dissolved or suspended in 
water percolating through the profile or running 
off the surface Transfers of both mineral and or- 
ganic material are common in soils Water moving 
through the soil picks up materials in solution or 
suspension These materials may be deposited in an- 
other horizon if the water is withdrawn by plant 
roots or evaporation, or if the materials are pre 


cipitated as a result of differences in pH (degree 
of acidity), salt concentration, or other condition^, 
in deeper hoiizons 

Other processes tend to offset those that promote 
horizon differentiation Mixing of the soil occurs as 
the result of burrowing by rodents and eaithworni^ 
overturning of tiees churning of the soil by frost 
or shrinking and swelling On steep slopes the 
soil may creep or slide downhill with attendant 
mixing Plants may withdraw c alciuin or other ions 
from deep horizons and return them to the surface 
in the leaif litter 

I he kinds of horizons present and the degree of 
thf ir diffeientiation both in composition and struc 
lure depend on the relative strengths of the prex 
esses In turn these relative strengths are dctei 
mined by the way man uses the soil as well as b> 
the natural factors of climate plants and animals 
relief and ground water and the period of time 
dining whic h the iiroc esse s have been operating 

( om position In the drier climates where pre 
cipitation IS appreciably less than the potentiil 
for ewaporatiun and transpiration horizons of 
soluble salts including calcium carbonate and 
gypsum aie norinallv found at the average dej)th 
of water fienc tration 

In humid climates some materials normally con 
side red insoliihlc may he giadiially remo\e*d fioni 
the soil or at least from the surface horizons \ 
part of the removal mav be in suspension Thf 
movement of silicate clav minerals would be u 
example Ih^movement of iron oxides is aceeler 
ated bv the formation of chelates with the soi) 
organic matter Silica is removed in appreciable 
amounts in solution or suspension though epiiri/ 
sand is relatively unaffected In warm humid cli 
mates fret iron and aliiminiirn oxides and silu it* 
clays dc cumulate in soils appaiently because of 
low solubility relative to other mincials See ( Hi 
I ATION 

In cool humid climates solution losses are eM 
dent in such minerals as feldspars Free ses(|ui 
oxides tend to be removed from the surface hori 
zons and to accumulate in a lower horizon ))Ut 
mixing by animals and falling trees may countci 
balanc e the downward movement 

Structure Cone urrentlv with the other pioctssi 
dibtine live structures are formed in the diffen »l 
hoiizons In the surface horizons where there is i 
maximum of biotic activity small animals loot*- 
and frost action keep mixing the soil mateiial 
Aggregates of varying sizes are formed and bound 
by organic matter microorganisms and colloid il 
material The aggregates in the immediate surface 
tend to be loosely packed with many large poie*' 
among them Below this horizon of high biota 
activity, the structure is formed chiefly bv volume 
changes due to wetting, drving, freezing and 
thawing Consequently, the sides of any one aggi*^ 
gate, or ped, conform in shape to the sides of 
adjac ent ped^ 

Water moving through the soil usually follo^^ 
the root channels and the ped surfaces Accord 
ingly, materials that are deposited in a 
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commonly coat the peds. In horizons that have 
received clay from an overlying horizon, the peds 
usually have a coating or varnish of clay making 
ihe exlerior unlike the interior in appearance. Peds 
formed hy moisture or temperature changes nor- 
mally have the shapes of plates, prisms, or blocks. 

Soil horizons. Pedologists have developed sets 
of symbols to identify the various kinds of horizons 
commonly found in soils. The nomenclature origi- 
nated in Russia where the letters A, B. and C were 
applied to the main horizons of the black soils of 
the steppes. The letter A was used to designate 
the dark surface horizon of maximum organic mat- 
tci accumulation. The letter C was used to desig- 
nate the unaltered parent mateiial. and the letter 
B was used for the intermediate horizon. The 
usage of the letters A, B, and C spread to western 
Europe, where the intermediate or B h(»ri7on was a 


horizon of accumulation of free sesquioxides or 
silicate clays or both. Thus, the idea developed 
that a B horizon is a horizon of accumulation. 
Some, however, define a B horizon by position be- 
tween A and C. Subdivisions of the major horizons 
have been shown by either number or letter sub- 
scripts, for example, Bt or B^. No internationally 
accepted set of horizon symbols has been de- 
veloped. In the United States the designations 
shown in Fig. 2 have been widely used sin(*e about 
]93fi, but will doubtless be modified in the future. 
Lower-case letters are being added to numbers in 
B horizons to indicate the nature of some material 
that has *iccumulated. Generally, h is being used 
to indu ate translocated humus, t for translocated 
clav- and fe or ir for translocated iron oxides. Thus, 
indicates the main horizon of clay accumula- 
tion. 


Organic debris lodged on the soil, usually 
absent on soils developed from grasses. 


Aoo 

Ao 


r 


Horizons of maximum 
biological activity, 
of oluviation (removal 
of materials dissolved 
or suspended m watei), 
or both 


THE SOLUM 

The genetic soil aeveloped by soil forming ^ 
processes ) 


At 

Aa 

As 

*1 


Horizons of illuvioti m 
(of accumulation of 
suspended material from 
A) or of maximum m 

clay accumulation, or of 
blocky or prismatic 
structure, or both 


The weathered parent material 
Occasionally absent i e., soil building may 
follow weathering such that no weathered 
lYioterinl that is not included in the solum is 
found between B and D 


Any stratum underneath the soil, such as 
^ord rock or layers of clay or sand, that 
not parent material but which may have 
*^igniricance to the overlying soil. 


h 


0 


c 


* 1 * 1 * 
■0;^ 


Loose leaves and organic debris, largely 
undecomposed. 

Organic debris partially decomposed or 
matted 

A dark-colored horizon with a high 
content of organic matter mixed 
with mineral matter. 

A light-colored horizon of maximum 
eluviation Prominent in podzolic soils; 
faintly developed or absent in 
chernozemic soils. 

Transitional to B, but more like A than B, 
sometimes absent 

Transitional to B, but more like B than A, 
sometimes absent 


Maximum accumulation of silicate day 
minerals or of iron and organic matter; 
maximum development of blocky or 
prismatic structure, or both 


Transitional to C 


Horizon G for intensely gleyed layers, as 
m hydromorphic soils. 


Horizons Cca and Ccs aie layers of 

accumulated calcium caibonate 

and calcium sulphate found in some soils. 


^'9* 2. A hypothetical soil profile showing all the them. (From USDA, Soil Survey Manual, Handbook 18, 

principal horizons. Not all of these horizons are pres- 7957) 

in any one profile, but every profile has some of 
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Soil classification. Systemfl of &>oil classification 
are influenced by concepts prevalent at the time a 
system is developed. Since ancient times, soil has 
been considered as the natiual medium for plant 
growth. Under this concept, the earliest classifies* 
tions were based on relative suitability for different 
crops, such as rice soils, wheat soils, and vineyard 
soils. 

Early American agriculturists thought of soil 
chiefly as disintegrated rock, and the first compre- 
hensive Ameriian classification was based pri- 
marily on the nature of the underlying rock. 

In the latter part of the nineteenth century, 
Russian students noted relations between the 
steppe and black soils and the forest and gray 
soils. They developed the concept of soils as in- 
dependent natural bodies foimed bv the influence 
of enviionmental factors operating on patent ma- 
terials over time. The earh Russian classifications 
consideied soil c hieflv in lelation to water table, 
climate, native vegetation, and color. Black, blown, 
led, and gray colors were first lecogni/ed, so such 
names as gra\ desert, grav foiest, and brown 
lores! were considered appropiiate. 'Fbe vegetative 
pait of the name related the soil to its appropriate 
c limate and native vegetation. These were con- 
sidered in the United States as great soil groups 
(zonal sfiils) and as soil types m Europe Soil type 
in the classification svsteiii in the United States is 
cMunjiarable to a plant spec les in the botanic c lassifi- 
calion See Son (c.ri^msoit c.kchtcs); Soil, zonal 

msiRIRI IION. 

Many systems of classification have been at- 
tempted but none has been found markedly supe- 
rioi : most s\ stems have been modifications of 
those used in Russia. Two bases for classification 
have been tried One basis has been the presiimc?d 
genesis ot the soil. Climate and native vegc'lalion 
weie given mafor emphasis. The other basis has 
been the observable or measurable piopeilies of 
the soil To a considerable e\tc*nt, of course, these 
are used m lh«* genetic system to dc*fine the great 
soil gtcMips The morphologic systems, however, 
have not usc'd the gemesis as surh, but have at- 
tempted to use properties that are acciuired 
Ihioiigb soil development. 

'Fhe principal problem in the moiphologic sys- 
tems lias been the selection of the properties to 
be usc*d The color, tried in the earliest systems, 
prodiu es groupings of soils of unlike genesis. 

'ibe Soil Survev staff of the U..S. Department of 
Xgiic’ulturc and the land-grant <*olleges recently 
undc*itoc»k to levise the classification scdieme. Al- 
though the new svstem has been widely tested, 
onlv time can tell whether it will be more useful 
than t*arlier sv stems. A*- knowledge of soil genesis 
inci eases, modifications of classification systems 
will f'ontiniie t(» be neecssaiv. 

The system be ing developed in the United States 
diffcTs from cMilier systems in that it may be 
applied to eithei cultivated or virgin soils. Previ- 
ous systems have been based on virgin profiles, and 
c iiltivated soils were classified on the presumed 


characteristics or genesis of the virgin soils. The 
new system has many categories, based on both 
physical and chemical properties. 

Order. In the highest category 10 orders are 
recognized. These are distinguished chiefly by dif- 
ferences in kinds and amounts of organic matter in 
the surface horizons, kinds of B horizons resulting 
from the dominance of various specific processes, 
evidences of churning through shrinking and 
swelling, base saturation (see later discussion of 
chemical properties), and lengths of periods of 
diyness during which the soil i*^ without available 
moisture. The properties selected to distinguish 
the orders have a strong climatic bias, joining in 
broad climatic zones the soils that have distinct 
hoi izons. 

Suborder. This is the next category, which dis- 
tinguishes soils that show evidemes of waterlog- 
ging dining some seasons from those whu‘h do 
not. In orders having wide climatic ranges sul)- 
orders are distinguished hv characteristics whiih 
narrow the ranges; in those orders having nanow 
climatic ranges suboideis are defined largely in 
terms of chemical composition. Wide differences 
in the content of cpiartz, organic mattei. allophanc 
(amorphous clays), and fire sesquioxides aie e\ 
ampics. 

i»reat ^loups. The gieat groups constitute 
next category In this categoiy are groutied soils 
having the same kinds oi horizons in the same 
sequence. Exceptions are made fo? surface hoii 
zons that are iifit to he* mi\c*d by plowing or lost 
rapidlv by erosion when the soils ate cultivatfd 

The great groups are subdivided into subgioiios 
that show the central properties of the great group, 
and intergrade subgroups that show properties c»f 
more than one great group. 

Family. The families are defined largely on Uu 
basis of physical and niineialogic properties ot 
importance to plant growth. The two lowest cate 
goiies, the s(*ries and type, aie unchanged fiom 
earlier systems. 

Series. The soil series is a group of soils having 
hoi izons similar in differentiating characteristics 
and arrangement in the soil profile, except for tex 
tore of the surface portion, and developed in a 
particular type of parent material. The series 
named after the place where the soil was first 
recognized and defined; for example, Fayette i*- 
the name of one soil series. 

Type. The soil types within a series differ pri 
marily in the texture of the surface or plow lavei 
The type name is formed by adding the textural 
class of the surface soil to the series name. Thu*'- 
Fayette silt loam is a soil tyjie of the Fayette 
series. 

Many practical classifications have been de- 
veloped on the basis of interpretations of the use 
fulness of soils for specific purposes. An cxampl<* 
is the capability classification, which groups soih 
according to the number of safe alternative uses, 
risks of damage, and kinds of problems that are 
encountered under use. 
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Soil surveys. Soil surve>s include those re- 
searches nec esbury ( 1) to determine the important 
iharac teribticb of soils, (2) to classify them into 
defined types and other cla&sifiLdtiondl units, 
(3) to establish and map the boundaries between 
kinds of soil, and (4) to correlate and predict 
adaptability of soils to various crops grasses, and 
tiees, behavior and productisitv of soils under 
different management systems and yields of 
idapted ciops on soils under defined sets of man 
agement practices Although the primary purpose 
of soil suiveys is to aid in agncultural interpieta 
tions man> other uses ha\e been made ranging 
fiom suburban planning, rural zoning and high 
wa\ location, to tax assessment and location of 
pipe lines and radio transmitters 

Soil surve>s i\ere first used in the United States 
in 1898 Over the years the si ale of soil maps has 
been increased from Vj-l in to the mile to 3 4 
in to the mile for mapping humid farming regions 
and uti to 16 in to the mile for maps in irrigated 
Ilf as After the advent of aerial photogiaphy 
planimetiu maps were laigch disfontmued in 
li\oi of aerial photographic mosaics The Ignited 
States svsicm has been used with modihcalions 
iiiminv othei countries Ai*rim phoioc hai h 
Two kinds cif soil map aie made I he comnioii 
imp IS a detailed soil map on which soil bound 


aries are plotted from observations made through- 
out the surveyed area Keconnaissance boil maps 
are made bv plotting soil boundaiies from observa- 
tions made at intervals Ihe maps show differences 
in the soils that aie of significance for present or 
foiesceable uses 

The units shown on soil maps usual h are phases 
of soil types Ihe phase is not a part of the natural 
c lassific ation It may be a subdivision of any of the 
natural classification units according to some 
feature that is of signihc anc e for use and manage 
ment of the soil, but not in i elation to the natural 
landscape Th»* presence of loose houldcis on the 
surface of the soil makes little diffcitnce in the 
growth of a foicst but it is highlv signific ant if the 
soil is to be plowed Phases are most commonly 
based on slope e rosion prese nc e of stone or roc k 
or differences in the rock material below the soil 
Itself If a legend identifies a phase of a soil type 
the soils so designated on a soil map aie presumed 
to lie within the defined lange of that pha e in at 
least 8S^>( of the area involved I bus the uic liision 
of soils having othei type e haiai teristic s and oc 
cupying up to IS 9c of the area is tolerated in the 
mapping 

If the pdtle rn of oc c iiirene c of two oi more se nc s 
is so c omplex tiiat it is imfiossihlf to show the m 
separately a soil complex is mapped and the 
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legend includes the word “complex.” Thus the 
phrase Fayette- Dubuque complex indicates that 
the two series occur in the area and that each 
represents nii»re than 15% of the total of the area. 

At times the significance of the difference be- 
tween series jh bo slight that the expense of sepa- 
rating them is unwarranted. In such a case the 
names of the series are connected by a <‘on junction, 
and such names occur as Favette (»r Downs silt 
loams. In this kind of mapping unit, the soils may 
or mav not be u^socialt‘d geographically. 

It is possible to make accurate soil maps only 
because the nature of the soil changes with alter- 
ations in climatic and biotic factors and in relief 
and ground waters, acting on parent materials over 
long peri«>ds of lime. Boundaiies between kinds of 
soil are made where such changes become ap- 
parent. On a given farm the kinds of soil usually 
form a lepeating pattern related to the relief 
( Fig. .1 ) . 

Because c«>ncepts of soil have changed over the 
years, maps made 30 to .50 years ag(» may use the 
same soil tvpe names as maps made in recent 
^ears, but with diffeient meanings. The older maps 
must therefore be inlerpieted with caution. 

Ig.d.s.I 

HibUngraphy: H. Jennv, Fadors of Soil Forma- 
tion, 1941; (f. W. Robinson. Soils, 3d ed., 1951; 
I SD V. Soils an ft Mvn: The Yvarhook of Agritul- 
tun\ 19.111; rSi)\, Soil Suner Manual, Ifandbook 
18,1951. 

mYSICAL PROPERTIES OF SOIL 

The physjral piopcrties of the soil are important 
in agiKiilture because of their influence on plant 
growth and on the management lequiiements of 
the land. Tlie\ influence the plant from seeding to 
matuiit\ b\ legulating the supply of air, water, 
and heat, hist to the seed and then to the root sys- 
tem in each soil la>ei or horizon. The absorption 
of essential nutrients b\ plant roots is dependent 
upon an a\ailuble supply of ox>geri, water, and 
heat. Thus, pin sic al properties indirectly regulate 
the nutrition of plants arid thedr response to liming 
and fertilization. The more favorable the supply of 
an. watei, and hrMt in each soil layer, the greater 
is the pcitential rooting /one for plants. 

Physical properties of the soil also determine the 
kind, amount, and ease of tillage, the runoff and 
erosion potential, and the choice of crops which 
can or should be grown on a given soil. 

Many people use the word tilth in referring to 
the physical condition of the soil. Tilth has been 
defined as the physir^al condition of the soil in its 
relation to plant growth. The physic-al condition of 
the soil is controlled by, or results from, whatever 
set of physical properties the soil has at any given 
time. 

Soil physics is that branch of soil science which 
is c'onccrned with the study of the physical proper- 
ties oi the soil. The physical properties of the soil 
include texture, particle density, structure, bulk 
density, porosity, water, air, temperature, con- 


sistency, compactibility, and color. The amount of 
water, air, and heat in the soil at any one time is 
an important aspect of any soil and the conduc- 
tivity of these constituents in the soil is equally 
important. All these properties are interrelated. 

The four major components of the soil are in- 
organic particles, organic matter, water, and air. 
The proportions of these components vary greatly 
from place to place in a field, from one layer or 
horizon to another, and in different parts of the 
world. The amounts of air, water, and heat in the 
soil change from day to day and from season t(» 
season. 

Soil texture. About half the total volume of 
mineral soils consists of solid mailer, of which 
80 99«J is inorganic and is organic raa 

lerial. The inorganic portion consists of rock and 
mineral panicles of many sizes and shapes. They 
are classified into five major size groups called 
separates. T'he two largest separates are stone and 
gravel. Slone particles are greater than 3 in. and 
gravel particles are 2 mm to 3 in. along their 
greatest diameter. Sand has particles between 0.05 
and 2.00 mm in diameter. Sill has particles 0.002 
0.05 mm in diameter. Clay, the smallest ol the soil 
panicles, has a diameiei less than 0.002 mm. 

After separating the coarser separates by screen- 
ing. the amount of silt and clav is determined fn^ni 
measurements of the settling yelocities of the in 
dividual particdcs, which have been well dispersed 
in water with the aid of a dispersing agent. The 
size of the partitas is calculated from their settling 
speed. The stone, gravel, and sand separates in d 
soil can be seen with the naked eve. Clav i an be 
examined only with an electron microsc*ope. 

Trxtural class. Determination of the partn le 
size distribution in a soil is callc'd mei harm al 
analysis. The texture of a ssoil is determined by its 
content of sand, silt and clay. The percentages ol 
sand, sill and clay in the 12 textural classes arc 
shown in Fig. 4. With this triangle the textural class 
of a soil ( an be determined from its percentage of 

clay 



Fig. 4. Triangle showing percentage of sand, silt and 
clay in each textural class. 
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•^and, silt, and clay. The textural class is romhined 
with the series name of a soil to give the soil type, 
such as Sassafras sandy loam, Miami silt loam, or 
Houston clay loam. 

Large particles. The stone, gravel, and larger 
saml particles usual I v are present as separate 
particles. The> mav be rounded, angular or plate- 
like in shape. They are c'om posed of nick frag- 
ments and of primary minerals such as quartz. Soils 
vkith large amounts of stone, gravel, and sand have 
low plant-nutrient and water-holding capacities, 
and iierinit rapid air, water, and heat movement, 
^aiid imparts a grittiness to the feel of a soil. 

('lav particles. The clav fraction controls most 
of the important properties of a soil. In soils of 
the «’old and leinfierale regions, clav is composed 
(hieflv of secondary crvsialline alumina si|j< ates. 
These consist of the kaolinite, illile, and montmo- 
rillonite groups of cla\ minerals. Hvdraled oxides 
ot iron and aluminum arc the main <omponenls of 
llic (lav ill the more highl\ weathered soils t\pical 
«)l inarn fiarts (d the tropics. See Clw mi'nlr\ls. 

Hecaiise (d tfieir (‘xtreinelv small si/e and plate- 
likc shape, ( Ia\ particles have a \erv large specific 
-111 face which is responsihle foi the great adstirp- 
tive capacity of cla\ soils for water, gases, ions, 
and organic mole(*ul(*s. (Mays are well known for 
tlifMr plasticity and stirkiness whi'ii wet. They also 
f\[iand or swell with wetting and ((Uitiacl or 
dll ink Upon drying. Moyement (d air and water 
through ( lay soils is often very slow owing to the 
smallness of the poies between the clav particles. 

Sill partides. Silt particb‘s (*\hibit some <d the 
properties of sand aird day. They are usually 
angular in shape, with (piart/ lieing the dominant 
rninctal. Many silt particles ha\e a coating of ( lay 
particles. Withoiit this clay c'oatrng, silt lias a 
Hoiiry or talcum-powder feel wlum dry and loose. 
Sells with high silt lonlcnts and niodciate amounts 
of (lay may have ycry pool air and moisture rela- 
tions and mav be very difficult to munage. They are 
often very easily eroded. M'he loam soils genera II v 
liave the most desirable texture for crcqi gnmth 
and ease of management. 

It is seldom feasible to trv to (diange the texture 
of a soil. The texture of surfac e soils may change 
as a result of removal of the smallei jrartit les,^bv 
'^ind and water erosion or by eluvialion { movement 
'''itliin the soil). 

Organic matter. The organic matter ill the soil 
Is made up of the partially decomposed remains of 
plant and animal tissue, together with the bodies 
of living .soil microorganisms and plant roots. 
Many good and some bad effects may accompany 
the decomposition of organic matter. During de- 
< imposition of organic matter by the soil micro- 
'^rganisms. gluelike soil aggregate bonding snb- 
•'lances are produced. With the knowledge of the 
ftreat importance of these natural soil conditioning 
*naterials, the chemical industry has produced a 
number of synthetic soil conditioners. Krilium be- 
jne; one of the best known. See Soil microbiology ; 

MICROORGANISMS. 


Much of the organic matter of the soil has col- 
loidal properties. It has two to three times the 
adsorptive capacity for water, gases, ions, and 
other colloids as the same amount of clay. Its supe- 
rior water and nutrient holding capacity makes it 
an ideal substitute foi clay in improving droughty, 
infertile sandy soils and a substitute for sand in 
improving tight, sticky, or hard and lumpy clav 

soils. 

Density of particles. The inorganic soil par- 
ticles may consist of many kinds of minerals with 
a wide range in particle density. The average 
particlf* deii'-ily lor most mineral soils varies be- 
tween 2.60 and 2.75 g cm^ The average den^ty 
(»f humus particles ranges between 1.2 and 1.4 
g/cm\ For general calculations the average par- 
ti(*le density of soil is laken to be 2.65 g cm'. 
Based on tliese values, the plowed layer weighs 
abiMit 2,000.000 lb trei acre. The pycnometer is 
used to determine si»i| particle dcndly. See Di-.iv- 
snv MfASl'HLMLNT. 

Soil structure. S(ul stiuclure refers to. the ar- 
rangement of soil particles into aggregates of dif- 
ferent si/PS and shat)es. Fiiri* sands have a single- 
grain stnidiirc (Fig. 5). Because of the adhesive 
and (ohesive properties of clay and organic matter, 
the inorganic and (Uganic j)articJes combine to 
form the following tvf»es of stiiictiire in the \ and 
B hon/ons of most soils: pJatv. prismatic, c(»luni- 
nar. bbxky, nuc ilortn. granulai, and iiuinb (Fig. 
6 ). 

These types of strui'ture have been developed 
horn the bonding together of individual particles 
(at'cretion) or the breakdown of large massive 
rnixiurcs (d giayrd, sand. silt. clay, and organic 
mailer (disinl(*grutiori ) . 'riie formation, or genesis, 
of a given Ivpc of structure and the stability of the 



Fig. 5. Portion of surface >oil with granular structure. 
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granular 

Fig 6 Types of soil structure 

aggregdto ptodiir<*d appear to he associated nvilh 
(1) the eonti action and expansion resulting from 
hvdiation and desiccation of the rla\-organic mat- 
ter upon wetting and drying and irom freezing and 
thawing: (2) the ph\si{al activity of roots and 
animals in the soil; (d) the influence of decom- 
posing organic matter and of the slimes and my- 
celia of the microorganisms that provide bonding 
«-iihsfances with which aggregates are held lo- 
gethei : and (4) the effect of adsorbed cations, 
some of whJc h bring about flocculation and others 
dispel Sion of the c'olloidal matter. .See Coi.i oiD. 

The pi ism. block, and sometimes the platcdike 
t\pc's of stiiicture are found mostly in subsoils. 
(>raiiulc‘s and crumbs are found in largest numbers 
in surface soils. Compacted layers in the soil often 
have a platv siruc ture. 

The si/e, shape, and arrangement, particularly 
the amount of overlap of soil aggregates and in- 
dividual sand, gravel, and stone particles are ex- 
tremely important hc'cause they largely determine 
the si/e, shape, anangement, and continuity of 
pores in the soil. 

Thete are a number of wavs of studying and 
describing the stiiiclure of a soil. The most direct 
is vi&^ual examination of an undisturbed section of 
soil. Much can be learned about the size, shape, 
and arrangement of the soil particles and the pore 
space in a soil bv close inspection of each horizon 
with the naked eve or with a magnifying glass. 

\ second method is to measure how much of the 
soil has been aggregated into granules or crumbs 
with diameters above a given dimension. 0.2S mm 
being the most common. In well granulated soils. 



70-80% of the total mass may be aggregated into 
granules or crumbs greater than 0.25 mm, as deter- 
mined by wet-sieving a sample of soil through a 
60-mesh scTeen. Aggregation values of 40-50 
are more commonly found in soils under ordinary 
management. Sandy soils or clay soils having poor 
struc'ture may have only 10 20% aggregation. Ex- 
cept for very sandy soils, such a low amount of 
aggiegation usually forecasts a physical condition 
very unsatisfactory for plant growth. 

Bulk density. Bulk density is the mass (weight) 
of a unit volume of dry soil, usually expressed in 
grams per cubit centimeter. It is determined by 
the pat tide density and by the arrangement of the 
particles. 

The soil structure is the mulor factor in account 
ing for changes in the hulk density of a soil from 
time to time or from laver to layer in the piofjle 
Soils with many particdes closely packed togethei 
have high hulk densities and c orrespondingly low 
total pore space Bulk density is a measure of the 
amount of c*ompartion in soils Severe compaciion 
results from excessive traffic bv farm machinery in 
intensively cultivated soils, trampling of c’altle in 
heavily gia/ed pastuies, and foot traffic on lawns 
and lecieational airas. Bulk densities may he as 
high as of 1.7 2 0 g in ^ in sue h c ompac ted labels 
Bulk densities of unc ompac ted. porous soils ^rc 
about 12 1 3 g c m ^ In undisturbed lores! or grass 
land soils it mav be 0 9 1.0 g^cm High amounts 
ol organic matter will lowei the bulk density. 

Porosity. Th/^ voids or openings between the s*»il 
partides are spokem of roller lively as the poic 
spare It makes up roughly one half the volume oi 
the soil. In very loose, fluff v soils with low hulk den 
sity it mav ocriipiy 60-65% of the total vcilutne In 
very compact soil layers ji may be i educed ti» 
.^5 40% . It is € alciilated as follows: 


% Total pore spare 


100 - 


(bulk density) 
(particle density) 


Pore spac’e in a soil is oc'rupied by air and water 
in reciprocally varying amounts. Very div soiK 
have most of their pore spaces filled with air. The 
opposite is true for very wet soils There is con 
siderable variation in the size, shape, and arrange 
nient of poies in the soil. 

The effec tive size of a pore, from the standpoinl 
of moisture retention, can be determined bv the 
amount of foice recfuiied to withdraw water from 
the pore. These suction values, expressed in centi- 
meters of water, can be translated into equivalent 
pore diameters using the capillarv rise equation 


2T 

'^hdg 

where r is radius of pore in centimeters, T i** 
surface tension of water, d is density of water, jg *** 
acceleration of gravity, h is suction force nriinu** 
centimeters of water. 

Most soils have an assortment of large and smal 
pores. A sufficient number of large pores connected 
with each other is needed^ for rapid intake anc 
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distribution of water by and in the soil and for dis- 
posal of excess water by drainage into the suli- 
^tratum or into artificial drains. When empty of 
water they serve as air ducts. Soils with insufficient 
functional macroporosity lose a great deal of the 
rain and irrigation water as runoff. They drain 
slowly and often remain poorly aerated after wet- 
ting. One of the first effects of compaction is to 
reduce the size and number of the larger pore 
spaces in the soil. 

The primary purpose of the small or capillary 
pores is to hold water. Loose, droughty, coarse 
sandy soils have too few small pores. Manv tight 
(lay soils would be improved if some of their small 
pores were c<invertcd into iaiger pores. 

Soil water. The movement and retention of wa- 
ter in the soil is related to the si/e, shape, con- 
tinuity and arrangement of the poies. the nioistute 
(imtcnt of the poies, and the total surface area of 
llie soil particdes. Movement and retention of v^atei 
nidv be chiiracleri/ed bv the energy relationships 
01 forces which <*ontiol these two phenomena. 

ft ntet retention. Some water is held in the soil 
poies by the foice of adhesion, the attiaition of 
solid siiifcue®- foi water molecules Most of it is 
held b\ the force of cc»hesion, the attrac*tion of 
wdlei inolcc ulcs \ ir eai h other. 

Water ludd bv these two forces keeps the* smdller 
poies tull ot water and also c an maintain lelativcly 
thick films on the walls of large penes Not until 
the pcifes in one lavci of soil ate filled with all the 
\\alcr they can hold docs watei move into the layer 
helow 

Watei is found in the soil in both the licpiid and 
\apoi state. The air in all the penes is vQtnrafed 
with water vajior when licpiid water is piesent. 

The licpiid water mav he c haiac IcTi/ed by the 
siiiticni force or tension with which it is held in the 
M»il by adhesion oi cohc'-ion. Th<*se suction c»r 
tension values mav he expiessed m an> of four 
nulls as (1) height in centimeleis of a unit watei 
column whose weight |iisi equals the fc>rc e iindei 
consideration; (2) pK. the logaiithm c»f the centi- 
meter height of this c'olumn: (3) atmospheres; or 
M) ])ounds per square inch (psi). For example, 
1000 cm water tension — pFi = 1 atm » 11-.7 pM 
The moisture content of the soil is determiiugl b> 
drying the soil at llO^'C and then dividing the 
weight of water lost bv the w'eight of oven-div 
''cnl. 'Phis value times 100 equals the perc'enlage 
moist uie in the soil on a diy weight basis. The 
ppic’entage moisture on the volume basis for a 
gnen depth of soil is calculated as follows 

Scjil moisture (wet basis') 

X hulk density X depth soil (in.) 

= in. of water per in. soil depth 

Tensiometers and electrical resistance blocks are 
used to measure the moisture content of the soil in 
''•til. Thus the changes in moisture content can be 
tiaced at a given point in the soil within the effec- 
tive range of each instrument. 

Retentive rapacity for water. There are several 
important soil moisture equilibrium points. Water 


remaining at oven dryness is held at tensions above 
10.000 atinosphere.s. The hygroscopic coefficient is 
a rough measurement of the water held by adhesion 
at a tension of about 31 atmospheres. The wilting 
point or wilting percentage represents that mois- 
ture content or moisture tension (15 atmospheres) 
at which plant roots cannot absorb water rapidly 
enough to offset losses by transpiration and the 
plant wilts, first temporarily and then permanently. 
Ceitain plants of desert and dry farming legions 
are able to stay aliye and even grow on water held 
at tensions up to 25 30 atm by the soil. The field 
capacity of anv soil layer represents the maximum 
amount (»f water it can hold against the force of 
gravity when fiec drainage is provided, it is best 
measured by obtaining the moisture content of the 
soil layei in question 24 48 hours after a thorough 
wetting of the soil. A definite tension value cannot 
be assigned tf> this equilibrium point. The maxi- 
mum retentive rapacity is the moisture content ot 
a soil when all ot its pines are filled with water. 

The moisture in a soil which is available foi 
plant use is that held between field (*apacity and 
the wilting percentage. This is (‘ailed the available 
soil moisture. Sandy h»ams hold l-J^j, loams 
I'j 2, and ( lav loams PI 2 in of available water 
per foot of soil. The retentivitv of soils of different 
textures for moistuie at different tensions is shown 
in Fig. 7. These are called soil moisture tension 
cuives. Much of the water in sandv soils is held at 
low tensions. The opposite is true for clay soils, 

H'ater movement. Water moves in the soil as a 
gas and as a liquid. Vapor transfei takes place bv 
diffusion in response to a vapor piessure gradient. 
Vapor movement is through air-filled pores fiom 
a moist to a dry and from a warm to a cool laver. 

I.iipiid movement may he expiessed by the equa- 
tion V - Ki. V is the volume ot water crossing 
unit area pei pendiciilar to the flow in unit time. 
The proportionality factor K is the hydraulic c'on- 
duc liyity oi the permeability of the soil to water. 
It is controlled bv the si/e. shape, airangement. 
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soil moisture tension-otmospheres 

Fig. 7. Soil moisture tension curves. 
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and moisture content of the soil pores. The value i 
lb the water moving force. It has two force com- 
ponents, the force of gravity and a suction or 
tension gradient force. The foice or pull of gravity 
is of constant magnitude, and always acts in a 
downward direition. The smtion or tension gradi- 
ent force may vary both in magnitude and direc- 
tion. The flow of water in unsaturated soil is equal 
to the gradient or difference in tension between 
two points in the soil. It is in the diiection id the 
increase in tension. This is also called capillary 
adfustnicnt. It accounts for the movement of water 
toward roots which have depleted the supply of 
water held at low tension in the soil at the soil root 
interface. Movement of water to the root system 
is not iisiiall) sufficient t<> meet the demands of the 
plant for water. It is believed that plants are able 
to satisfy their tremendous water needs only by 
an extension of their roof system int<i fresh sup- 
plies of water held at low tension in hitherto un- 
tapped or recently refilled soil pores. It is impor- 
tant, therefore, that soil structure be such as to 
permit the rapid extension oi the root system 
through the whole soil mass. 

Soil air and aeration. Soil air differs from the 
atmosphere above the soil in ihal it usually con- 
tains .S-100 times as much carbon dioxide (0.15- 
0.65^; ), s1ightl> less oxvgen, and is saturated with 
water vapor. In deep, poorlv drained soil lavers or 
in heavily manured soils the COj content of the 
soil area may reach and the 0‘j content de- 
crease to 1 . In waterlogged soils, methane and 

hvdiogen sulfide ma> be present in amounts toxic 
to plant life. 

Aeration lefeis to the movement of gases in and 
tint of each soil layer or horizon. The movement of 
gases within the soil as well as to and from the 
atmosphere is bv diffusion in a direction deter- 
mined hv its own partial pressure. The rate of 
diffusion of each gas in and out (»f the soil depends 
on differences in concentration of each gas in the 
soil and the atmosphere, and on the ability of the 
soil to transmit the gases. Diffusion or aeration is 
pioportional to the volume of air-filled pores in 
anv soil layer. 

Soil temperature. The temperature of field soils 
shows rathei definite rdianges at different depths, 
at different time^ during the dav and night and at 
different seasons of the year. These changes are 
determined b> the amount of the radiant energy 
that leaches the soil surface and by the thermal 
properties of the soil. Only that part of the heat 
energy which is absorbed causes changes in soil 
tfMiiperatiire. Daik-colored soils capture a much 
higher proportion of the radiant energy than do 
light-colored soils. The insulating effects of vegeta- 
tive c*over and of surface mulches keep the soil 
cooler than a bare, fallow soil. The energy ab- 
sorbed b> the scul surface is disposed of by radia- 
tion to the atmosphere, heating of the air above the 
soil bv convection, increasing the temperature of 
the surface soil, or by conduction to the deeper 
soil layers. 


Consistency and compactibility. As the mois- 
ture content of a soil changes from air dryness to 
saturation its consistency varies from a state of 
hardness or brittleness, to loose, soft or friable, 
to tough or plastic, to sticky or viscous. The reao 
tion of the soil to physical manipulation, such as 
tillage, is primarily an expression of the properties 
of c'ohesion. adhesion and plasticity. These prop- 
cTties are largely determined by the structure, or- 
ganic matter content, kind and amount of clay, 
nature of adsorbed bases, and the moisture content 
which regulates the thickness of the water films 
around the soil particles. Tillage should be done 
only after the soil attains a soft, friable condition, 
when it breaks apait or can be worked into gran- 
ules 1-5 mm in diameter. This is a very desirable 
range of paiticle size foi good seed and root bed 
conditions. 

Each soil has a critical moisture range, often 
near field c*dpacitv, at whieh piessure by foot or 
machineiv IrafTic results in maximum eompactioii. 
Bulk density, peimeahililv, iwnositv and penetnun- 
eter measurements are used to indicate the degiee 
of compa(‘tion as found in traffic pans on the sui- 
faee soil at the plow sole or in natufal hard pans 
Soil compaction is a veiv serious problem because 
it reduces the peimeahilitv of the soil to air and 
water, which in turn reduces root activity • 

Soil color. Soil coloT is influenced hv and indi 
(ates the kind of parent maletial. I’hemical com 
position, organic matter content, and drainage, 
aeration or state d( oxidation of a soil, A hbudied 
or mottled vellow, grav. and blue subsoil indicates 
poor drainage, aeration or oxidation. A cleat red 
yellow, or brown color indicates good drainage 
The c olor of some soils is inherited from the parent 
mateiial. Organic matter gives a brown to black 
c'olor to that horizon where it is rone eritrated 
Color of soils is determined by comparison with 
standard c’olors of known hue, value, and chroma 
in the M unsell soil color charts. |r.b.a.1 

RihliofiraphYi I.. D. Baver, Soil Physics, 3d ed , 
19.56; F. E. Bear (ed.). Soil ScL, 68(1) :1 112. 
1949; B. T. Shaw (ed.). Soil Physical Conditions 
and Plant Growth, vol. 2, American Society of 
Agronomy Monograph. 1952. 

CHEMISTRY OF THE SOIL 

Elemental composition. The elemental composi- 
tions of soils vary over wide ranges, and only a few 


Table 1. Average content of less abundant constituents 
in surface soil 


(Constituent 

Podzol 

(Iray- 

hiown 

pod/olic 

lled- 

yellow 

pod/olic 

Praiiic 

Lalofud 

MnO 

0 0.3 

0 07 

0.51 

0 12 

066 

TiC), 

0 61 

0 79 

1 02 

0.71 

4 3 

CaO 

0 9.> 

0.59 

0 22 

0.88 

0.66 

MgO 

0 49 

0 40 

016 

0 68 

084 

KtO 

1 7.5 

1 65 

0 88 

1 97 

0 42 

NaaO 

0.53 

1 39 

0 16 

1 03 

0 08 

P 2 O 6 

012 

O.iS 

0 17 

0 22 

0 48 

SOa 

0.11 

0.17 

0.07 

0.17 

0.24 
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Fig 8 Mean valuer and standard deviations of SiOj, 
Fe O , and AKO contents of five great soil groups 
Key (1) podzols (means of 7 soils), (2) gray-brown 

iKTdli/ations ( an hr made. Soils rontdining morr 
llian 20^^ oiganu matter are termed organic; 
those with less, iiiineidl. Oiganic soils such as 
P(dts and mucks may contain as much as 
« ai lionaceous material. Carbon, oxygen, and hydio- 
pen aie the most abundant elements in soil oiganh 
mallei. Nitrogen, phosphorus, and sulfur are im- 
poitant constituents. (Carbon/ nitrogen ratios vary 
between 10 and 20, the lower value being character- 
of upland soils of temperate regions. Soil 
organic matter contains about one-tenth as inHch 
phosphorus or sulfur as it does nitrogen. 

At least 95% of the mass of most upland soils is 
mineral. The oxides of hydrogen, silicon, aluminum, 
and iron are the most abundant components of 
mineral soils. Except for calcareous soils and some 
latosols (lateritic soils), the oxides of silicon, 
'' 1 O 2 , aluminum, AUO'i, and iron, Fe 20 H, make up 
at least 90% of the elemental composition of the 
mineial portion. Silicon, aluminum, and iron are 
ptesent as primary clay and oxide minerals. 

The chemical composition in a given soil varies 
vvith depth. Because of accumulations of clay and 
“"^ide minerals in deeper layers, AI 2 O 3 and Fe 204 
<^'mtent usually is higher in B than in A hori- 
while that of Si02 is lower. Organic matter 
^^ntent decreases rapidly with depth. 


2 O, Al,0, 

3 4 5 1 2 3 4 5 



■i I o ' A horizon 
o— -B horizon 


podzols (23 soils), (3) red-yellow podzols (35 soils); 
(4) prairie (11 soils); (5) latosols (7 soils) 


Figure 8 shows mean values and standard devia- 
tions of the SiOy, AljOs and content of the 

A and B horizons of tertain zonal soils. Average 
surface soil content of compounds present in 
smaller amount*^ is shown in Table 1. Cations are 
present as exchangeable ions or in mineral lattices. 
Ranges of trace element contents of soils are 
shown in f ig. 9. 

Soil minerals. The minerals in soils are derived 
from parent rock and soil materials. These ma- 
terials are mixtuies of minerals which are broken 
down into separate minerals by physic'al and chemi- 
cal weathering processes. 

Primary minerals in sand and silt. Most of the 
common rock-forming minerals in soils occui in 
sand and silt fractions. As a result of weathering, 
as well as differences in the parent rock, their 
proportions vary tremendously from sail to soil. 
Quartz, accumulated at the expense of less resist- 
ant pyroxenes, amphiboles, micas, and feldspars, 
piedominates in the sand and silt of soils in htimicf 
regions (Table 2). In soils of subhumid and arid 
regions, contents of nonquartz minerals in sand- 
size fractions are greater, averaging 20% and 37%, 
respectively. 

Minerals in clay fractions. Clay and sesquioxide 
minerals make up the bulk of the clav-size fraction 
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Fig. 9, Range of contents of some trace elements com- 
monly found in mineral soils. 

of soils, though others may be present. 'Hie propor- 
tions of \diious mineral species vary fiom soil to 
soil and within a particular profile In the follow- 
ing list mineral compositions of cla\ fractions aie 
given in the order of their increasing lesistance to 
alteration. Minerals near the top of the list gen- 
eralK are found in clays of slightly weathered 
soils and those near the bottom of the list in soils 


whii h have be< n exposes 

Mineral 

Feldspars 

Muscovite-ilhte 

Vermiciilite interstrati- 
fied clays 

Montmorillonite-beidel- 

lite 

Kaolinite-halloysite 

Gibbsite-allophane 

Hematite-goethite 

Anatase 


to drastic weathering. 

Soils 

Glacial soilb of southern 
Canada 

Subhumid and arid 
soils; glacial soils of 
temperate regions 

Subhumid and arid soils 
(from weathering of 
micas) ; red-yellow 
podzolic soils 

Volcanic ash, limestone, 
and basic rock soils; 
soils weathered fmm 
micas in temperate re- 
gions 

Red-yellow podzolic 
soils, some latosols 

Red-yellow podzols, lato- 
sols 

Red-yellow podzolic 
soils, .*>-30% ; latosols, 
30 7S% 

Up to 35% in some lato- 
sols 


Table 2. Percentage of primary minerals in topsoil 


Topsoil 

Quartz 

Feldspars 

Micas 

Course sand 

927 ±U .5 

3 2 dr 5.5 

1 6 ± 2 5 

Fine sand 

86 i Jb 1 1 0 

4 5 db 3 6 

14:t22 

Silt 

.56 4 d: 1.5 8 

80dr68 

89+ no 


In zonal soils of humid-cool to subhumid-tcin- 
perate areas, illite is the predominant mineral. 
Mixtures of kaolin-vermiculite-interstratified min- 
erals occur in humid-temperate regions. Kaolins 
with admixtures of smaller amounts of gibbsite and 
hematite predominate in warm-humid regions. Un- 
der tropical conditions, the proportions of sesqui- 
oxide minerals are high and in extreme cases only 
these minerals remain. Arid, basic conditions favor 
the formation of montmorillonoids. These also oc- 
cur where soil development is retarded, as by im- 
perfect drainage. 

Cation exchange. Man> small soil particles, 
both mineral and organic, possess net negative 
charges. The charges are balanced by ( ations whi« h 
exist in more or less diffuse swarms near the sur- 
faces of the particles. The balancing ions aie 
called exchangeable cations and are in kinetii 
equilibrium with the soil solutifm Theii quantit\ 
usually expressed as millieqiiivalents (meq) pei 
100 g of dr\ soil, is the cation exchange c'apac it\ 
(CKO 

Lattice suhstitiition in rlavs. In clay mineials 
as in micas, there is extensive yiroxying of ions in 
octahedral and tetrahedral lattic’e positions, with 
a resulting iinblf1an(*e of chaige. The net charges nf 
clays are negative They ate large for micas and 
vermiciilite (135 270 meq per 100 g), intermediate' 
for montmoiillonoids (80 1.3.5 mecy per 100 g) and 
quite small for kaolins (2 10 mecy pei 100 g). In 
clav mineral micas and in veimiciilite, much of the 
lattice c'harge is balanced bv cations which ouni 
between fixed lattice layers. Interlayer ymtassiuin 
ions in mic*ab are not displac'ed under ordinal \ 
conditions, and are not counted with the exchange 
able cations, though they are bound by the same 
kinds of forces The cation exchange capacities of 
mica clays vary between 20 and 40 meq pet 100 g 

The common interlayei ions of vermiciilite arc 
calcium and magnesium, though vermiciilitelikc 
minerals with interlaver aluminum exist in maiiv 
soils. Rates of ion exc'hange are sluggish for such 
minerals, particularly when ammonium or potas- 
sium is one of the exchanging ions, and the cation 
exchange capacity is not well defined. 

Cations balancing the isomorphous substitution 
charges of montmorillonoids are almost completely 
exchangeable, and there are excellent correlation*- 
between the exchange capacities of these mineral* 
and their chemical compositions. 

Isomorphous substitution also appears to con- 
tribute to the cation exchange capacity of kaolin"-* 
though the charge here is small. 

Lattice termination in clays. Lattice termina 
tions ran result in further development of negative 
charge, particularly when the pH is above 6. 
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tons may ionize from SiOH groups around the 
edges of clay partirles and edge aluminum ions 
may adsorb OH or may shift in coordination num- 
ber from 6 to 4 as pH is raised. Maximum develop- 
ment of edge charge occurs at aiound pH 10. .See 
SiLItATK MINKRAI.S. 

The magnitude of the negative charge which can 
develop on lattice terminals depends <m edge area. 
In me(i per 100 g. it is about 20 for montmoril- 
lonite. 10 for illite. and 2 10 for kaolins, depend- 
ing on particle size and crystal form. 

Allophanes have cation exchange capacities (at 
pH 7) of 60 120 meq per 100 g. Probably this 
results largely from coordination shifts involving 
dJiiminum. 

Organic matter. The organic inattei in soils 
contains carboxyl, phenol, enol, and imide groups, 
loni/ation of protons from these results in nega- 
tivel\ charged particles, the charge itic leasing 
i^ith the extent of ionization. The apparent ioni/a- 
lion constant for carbowl. ('OOH, groups of soil 
organic matter is about S. Other acid groups ionize 
appieciably onl\ when pH is abo\e 7. 

The carboxvl content of soil organic matter 
\ dries between about ISO and 27S meq per 100 g. 
Organic matter can bind as much as 400 mecf of 
( alions per 100 g at high pH. 

Cation exthange (apadties of soiVs. The cation 
c\c hange capacities of soils usually are measured 
b> treatment with a salt solution, such as neutral 
normal ammonium acetate, to a<hie\e saturation 
>\ith one s])ecies of cation. This is an aibitrarv 
})ioceduie, since the quantity of cation adsorbed 
alter such tieatment is not a unique value chai- 
acteiistic of the soil alone, but depends as well on 
the ( one entidtion, the ion composition, and the pH 
ol the saturating solution. Cations of a saturating 
solution displace positive ions whic'h are bonded 
elec troslaticalK to soil particles and also displace 
protons which ionize from weakU acidic group** 
c»n (lavs and organic colloids. The pioportion of 
the latter which is replaced depends paiticularly 
iitMui the pH of the saturating solution, becoming 
larger as pH is raised. 

Cation exchange capacities of soils can be gen- 
eralized by referring to information on mineralogi- 
(dl makeup and organic matter percentages^ For 
given mineral types CEC varies directly with 
ainciiint of clay and otganic matter (Fig. 10); 
kaolins contribute little, montmorilloiioids a great 
Heal, and micas are intei mediate. 

Exchangeable cations. Exchangeable cations are 
those balancing the negative charges on soil par- 
tides. Experimentally, they are the cations dit*- 
]»laced upon leaching with a salt sedution. These 
<an be divided into two groups, the exchangeable 
metal cations (Ca, Mg, K, Na, A1 are most abun- 
dant) and exchangeable hydrogen. The former are 
bonded largely through electrostatic forces, the 
latter almost entirely to weakly acidic spots. 

To a first approximation, exchangeable metal 
nations can be regarded as neutralizing isomor- 



Fig. 10. Idealized cation exchange capacities of clays 
and organic matter. 


pilous substitution ( harge^ and those weakl\ acidic 
groups which are i(»ni/ed under the prevailing 
< onditions. 

Exchangeable hvdiogen presents more diffic iilty. 
As detei mined experimenlallv in most proceduies. 
it in the sum of hvdicdv/able metal cations dis- 
plaied, particularly Al. and of ionization ot weakly 
acudic groups caused bv contact with the displacing 
solution. This is incorrect, and exchange acidity 
can be resolved into its two ma|or lomponents bv 
appropriate measurements. 

Soils which are less weatheied because of youth, 
low rainfall, tempic^rate or cold climate have as ex- 
changeable cations largely calcium and magne- 
sium. Highly weathered soils, unless derived from 
basic parent material, have large proportions of 
their peimanent charges (20-95^/^ undei native 
conditions) countered by exc^hangeable aluminum. 
.Some soils of dry areas contain large amounts of 
exchangeable sodium. 

Exchangeable cation populations of some repre- 
bentative soils are given in Table H. The common 
exchangeable cations differ in their affinity for ion 
exchange spots on soil c lavs and organic colloids. 

For permanent charges: 

Al>Ca?Mg>K>Na5l! 

For weak-acid charges of clays: 

H > Ck 5 Mg > K > Na 

For carboxyl groups of organic matter: 

H»Ca5Mg»K>Na 

Ion exchange equilibria can be described fairly 
accurately by means of mass-action expressions. 
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Table 3. Exchangeable cations of some representative 
soils (meq per 100 g) 


Soil 

CEC? 

Ca 

Mg 

k 

INa 

H 

r*hprno/.eni 


if> 

0 

1 

2 

0 

Prairie 

22 

1.1 

7 

1 rt 

1 

0 

Alkali 

21 

12 

2 

0.1 

6 7 

0 

PodxoJ 

177 

20 

12 

0 1 

0 

11 4 

Red-yellow podzolic 

8 

20 

1 0 

0 1 

0 

49 


Anion exchange^ Ion exchange refers to the as- 
soc iatron of ions wilh solid surfaces in such a wav 
that the> c nn be replaced stoichiometric ally hv 
other ions of the same charge. Anion exchange in 
soils has a different connotation Anion exchange 
does occiii in man> soils, hut is oftcm complicated 
by the ncrnrrcme of other reactionb which also 
result in the lowering of solution concentrations of 
anions. 

Cla^ and oxide minerals in soils c an develop 
positive charges on certain exposed sui fac es. This 
can happen through proton acc'eptance^ hvdroxvl 
ioni/ation. or perhaps olhei events The positne 
charges of soil particles inc tease as the pH is 
loweied, and in the case ol some latosols. positive 
charge ina> exc eed negative c harge when pH is 
below 4. All clay minerals, howc^vcT, as w^ell as 
temperufe legion soils, possess nc*t negative c barges 
at every value of pH 

The development of positive c'harges on soil min 
eials niav result in the exchange adsorption of 
anions Halide, nitiate and sulfate ions, as well as 
phosphate, fluoride and carboxylic ac id anions, are 
sorbed and are mutiiallv replac‘eable. (Capacity for 
anion soiption b\ this mechanism varies from nc'ar 
zero at neutralitv for all minerals to as much as 
1 mec| per 100 g foi kaolins, and 20 mec| pet 100 g 
for kaolin-iion and aluminum oxide combinations 
in latosols. Montmorillonoids and other clays with 
large lattice c'harges do not sorb small anions via 
this mechanism unless salt contents are veiv high 
Halides and similar anions are negativedy adsorbed 
b\ sue h clay*' under most circumstanc es 

Certain anions, such as phosphate and fluoride, 
coordinate strongly with feme iron and aluminum 
and are sorbed by soils through another mecha- 
nism. Phosphate ions, for examjile. can react wilh 
clay and oxide minerals in soils to form basic iron 
and aluminum phosphates similar to strengite. 
varisiitc and palmerite. Phosphate is displac'od 
from such minerals by hydruxvl, fluoride, cir other 
ions whic'h cocirdinate sironglv with fciric iron and 
aluminum. .Such reac*tions are viewed as involving 
solution-precipitation rather than anion exchange. 

Soils containing kaolin c lays and free iron and 
aluminum oxides can fix large amounts of phos- 
phate through decomposition-precipitation rear- 
tions. It appears that aluminum phosphate com- 
plexes are more pievalent in soils than are ferric 
c ompounds. See Ion txc iiangi . 

Acid soils. Soils with pH less than 7 are termed 
acid. Acid pH usually results from the presence of 
exchangeable hydrogen and aluminum ions, the 


former bonding to weakly acidic exchange spots, 
the latter to permanent lattice charges. Clays with 
electrostatically bonded exchangeable hydrogen 
are unstable, and decompose to yield silicic acid 
and sufficient A] or Mg to counter the exchange 
spots occupied initially bv H ions. 

The pH of ac id soils varies between 3 and 7, the 
reaction depending on the ion saturation and the 
soluble electrolyte content. In the absence of exces- 
sive amounts of soluble salts or acids, a pH of less 
than 4 is rare. 

Soil acidity can lie discussed in terms of buffer 
curves relating soil pH to the amount of a basic 
metal cation such as Ca neutralizing exchange 
spots. Idealized examples are shown in Fig. 11. 

Montmorillonoids, vermii iilites, and illites are 
similar in their neutralization behavior. Permanent 
lattice charge accounts for the hulk oi their ex- 
change c*aparitY and A1 fot thcMr ac iditv. Buffer 
curves for kaolins have tw(» sec lions, tme indicating 
displacement of exc hangeahle A1 hv Ca, the olhei 
reflecting the development of weak-acid charge 
Below pH 7, organic colloids bc^liave as weak acids 
with dissociatickn c'onstants of around 10 . 

Percentage base saturation, reflec ling the pro 
poTtion of sc»il CKC countPied hv basic c ations. ha'^ 
no general significanc f\ since CEC at an aihilraiv 
pH such as 7 consists of tieimanerit and weak ac*|J 
components, theii propoitioiis vaiving fiom soil tc> 
soil. In the absence oi oiganic colloids and with 
Ca and Mg as exc hangeahle ions, pH 6 c oi responds 
closely to 100'' base suliiiaticui of peimaiierit 
c harge 

Soil acidity oflcm is c harac tcNized through the 
measurement of exc hangc'ahle hvdiogcni Mon 
meaningful df*le?miiiations are for exchangeable 
Al and for weak-ac id c haigc* at a given pH 



Fig 11. Idealized relations between pH and calcium 
saturation of soils. Key: (1) soil containing approxi- 
mately 10 % montmorillonoid clay, CEC 7 ss- 10 meq 
per 100 g; ( 2 ) soil containing approximately 60% 
kaolin clay, CEC 7 = 10 meq per 100 9 ; and (3) soil 
containing approximately 5 %; organic matter, CEC? ^ 
10 meq per 100 g. 
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Many of humid regions are too acid for 
optimum plant growth. Application of calcium and 
magnesium carbonates is a remedial measure. 

Calcareous soils. Soils containing accumula- 
tions of calcium and magnesium carbonate are 
ipferred to as calcareous. Carbonates may occur 
throughout the profile or may be concentrated in 
certain horizons, their distributions reflecting the 
nature of the parent material and the weathering 
regime. Percentages of carbonates vary from less 
than 1 to 70. 

Calcareou*5 soils are saturated largely with cal- 
cium and magnesium. In contrast, with acid soils, 
pH and concentrations of ions in the soil solution 
are controlled not by ion exchange equilibria, but 
hy ihe calcium cai bonate-COo-HjO s\stcm. 

Equilibria in this system can be described by the 
equation 

pH — '^1 pCu — 4.8.S % log pC02 

pCOj is the partial pressure of carbon dioxide in 
the atmosphere in contact with a CaCOi water 
‘.\sicm, while pCd is the negatiye logarithm of the 
rnnlar activit\ of <*alciiim in the soil solution. The 
iTiannci in which f»H and solution calcium con- 
icntiation vary with COj partial picssme is shown 
m Kig 12. 

Siiue soil-air COj content varies from 0.003^, 
thf (ontent in the atmosphere, to nearly 20'^^ , cal- 
• iiim solubilitv and the reaction of cahareous soils 
» an vaiv widely. 

Salted soils. Soils of dry areas often contain 
siilhuentlv large amounts of soluble salts, ex- 
« hangeable sodium, <»r both to have peculiar chemi- 
cal and ph\sical properties. Such soils are referred 
to as salted. 

riic U.S. Salinity Tiaboralorv c Ias-*ificalion of 
Niltcd soils is based on the electiical conducti\itv 
a saturation extract rather than on salt per- 
‘ciitage as such. Soils \ielding saturation extracts 
with spetific condu* tivities greater than 4 milli- 
iiihos arc saline. The con< entration ol a solution 



Log P CO j ATM 


12. Calcium solubility and pH of calcareous soil 
related to COo portiol pressure. 


Table 4. Four categories of selted soils 


Exchange- 





able 

Exchange- 




cations 

able 




saturation 

sodium 




extract 

perceiiluge 

pH 

S\H 

Siilint^ 

>4 

<15 

7 .5 8 5 

10-14 

Saline-alkali 


^15 

7 5 85 

20-70 

Nonsaline-alkali 

<4 

>1.5 

8 5-10 

14-40 

Degraded alkali 

<4 

.>15 

6 5-7 5 



of this condu(‘tivity varies with the nature of the 
salt, averaging 4S mcq per litei for the electrolytes 
commonly found in salted soils. The lower-limiting 
salt percentages of saline soils vaiy from around 
0.1 for coarse-textiired soils to 0.25 for heavier 
ones. 

The second classification criterion for salted 
soils is their percentage sodium saturation. If this 
is above 1.5. the soil is alkali. 

Salted soils can he placed into four groups (see 
Table 4). The salts in salted soils are -largely 
chlorides and sulfates of calcium, niagncsium and 
sodium. The proportions of the cations in solution 
die controlled by ion exchange equilibria, as fol- 
lows (ESP is exchangeable sodium percentage; 
SAK is sodium adsorption ratio): 

KSP * - 0.0126 -f- 0 01 17.5 SAR 

_ 1 ''oncenlration sodium 

2 [concentration (calcium + magnesium)] 
cxcharigedblc sodium 
exchangeable (calcium -f magnesium) 

Salinf*-alkali soils are changed into alkali soils 
when salts are leached away. Similarly, normal or 
saline Noils ( an be converted to alkali soils through 
the use of ii ligation water containing excessive 
amounts of sodium. 

Reclamation of salted soils involves the removal 
of excess salts by leaching and of excess sodium 
through ion exc*hange with calcium from gypsum 
or from stnl c arbonates. The latter are dissolved by 
the addition of acidifying materials such as sulfuric 
a« id, aluminum sulfate, or elemental sulfur. 

[n.T.C.I 

Bibliography: F. E. Bear, Chemistry of the SoiY, 
1955; C. A. Black, Soil-Plant Relations, 1957; 
M. L. Jackson and G. I). Sherman, Chemical weath- 
ering of minerals in soils. Advances in Agron., 
5:219-318. 19.53; C. F. Marbut, Atlas of American 
Agriculture, vol. 3. 1935. 

SOIL MANAGEMENT 

Soil management may be defined as the prepara- 
tion, manipulation, and treatment of soils for the 
production of crops, grasses, and trees. Good soil 
management involves practices which will maintain 
a high level of production on a sustained basis. 
Ideally, these practices should provide the crop 
with an adequate supply of air, water, and nutri- 
ents; maintain or improve the fertility of the soil 
for subsequent crops; and prevent the development 
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of conditions which might be injurious to plants 

Se\eral s\ stems of land use classification have 
been de\ eloped which help a farmer to know the 
kinds of soils he has on his farm and their siiitabii 
ity for various tvpes of farming One of these sys 
terns developed b> the II S Soil Conservation 
Service invokes land use capability ratings 

Land capability survey maps. Land capability 

survey maps arc worked out in conyumtion with 
the soil survey and serve as a guide to the suitabil 
itv of land for < iiltivatjon grazing forestry wild 
life watersheds or recreation with primary con 
sideiation given to erosion control There are eight 
capabiljtv classes which describe the charaeUr 
istics of the land and the difh« ult\ oi risk involved 
in using it for one kind of crop production or 
another The se eight c lasses arc sometiines dis 
tinguishcd on land capability survey maps h\ 
roman numerals as well as hv standaid colors 
toui of the c ight c lasses include land that is suited 
for legnlar cultivation with varying degree of cro 
Sion control measuies and management practices 
rccfiiired three classes of land are not suited for 
cultivation hut recfuirc tieimanent vegetation and 
impose severe limitations on land use and one 
c las's inc lude s lands suited onlv for wildlife tecrea 
tion or watcished purposes For a description of 
the lind capaiulit> classes and the management 
pidcticcs recommended loi each class sn Sou 
* O^Sl KVMION 

Cropping system. A c topping system lefcrs to 
the kind and secpicnce of crops grown on a given 
area of soil over a period of time It mav he a 
legiilai lotation of diffeunt crops m which ihc 
sec|iienfe of crops follows a definite order or it 
mav consist of a sm^lf (rop grown >tar after veai 
in the same location Other ciopping systems in 
( hide dific lent c rops hut h ivc no dc finite or planned 
••c cfiic nc e 

( Topping systems that invoKt the systematic 
lotatioii of clifTeient crops generally include hay 
and pasture c rops small grains and c iiltivatcd 
low crops legumes such as alfalfa clover and 
vetch die usudll> grown alone or mixed with 
glasses in ihc liav and pasture secpiencc in the rota 
lion hec dii^e they supply nitrogc n and contribute to 
good soil tilth I he beneficial effect of legumes and 
grasses on tilth may he attributed to the fact that 
( 1 ) the soil IS not tillc d while these c rops are being 
giown and (2) the (»rganif matter reliiined to the 
"Oil hv the extensive root systems and in the 
plowed under top growth is pditicularlv suited to 
thf development of a stable pioroiis soil structure 

Small grains funi tion somewhat like legumes 
and grasses in giving piotection against soil ero 
Sion hut the y add no nitiogc n and remove moderate 
quantities of plant food from the soil Since small 
grains do not provide maximum economic return 
from the high nitrogen residues left m the soil by 
legumes ami an bkcly to lodge owing to the stimu 
lation of growth from these residues they are not 
planted »n the rotation following Ic'giimes Small 
grains are generallv planted either at the end of a 


rotation following row crops or as a nurse crop for 
legumes 

Row crops, such as corn, potatoes, cotton and 
sugar beets, are an excellent choice to follow 
legumes bee ause they utilize the nitrogen supplied 
hv the legumes and bring good cash returns Since 
row crops in early stages of growth provide little 
protec tion against erosion and require c onsiderable 
cultivation which breaks down soil structure, it 
has not been considered desirable to plant them 
c ontinuoiislv 

A cropping system that involves the growing of 
the same crop year after year generally depletes 
the soil and results in lower ciop yields This m 
particularly true if the c rop i« c iiltivated treqiientlv 
and returns little c rop residue to the soil Weeds 
diseases and insects also become more of a man 
agement problem when the cropping system doc" 
not involve a rotation Ihus the faimei who intends 
to grow one crop year after ycai becomes <om 
pic'lelv dependent on disease resistant varieties of 
plants f hemic al msec tic ides and fiingic ide s soil 
fumigation and other methods of controlling dis 
eases insects and pests Through the appropriate 
use of improved varieties pesticides and adc quite 
amounts of fertilizers farmers have succeeded in 
maintaining a high level of production on land 
repeatedly planted to the same ciop While sigh 
results arc* caiisirig farmcis to take another look il 
cropping s stems that do not involve rotation tluv 
arc well aware that more intensive piaclicfs and 
cosilv siippleme'hls aie required to maintain tno 
due tion 

Organic matter and tilth. Ihc value of addnv 
organic matter to the soil in the form of anirnil 
manures green manures and crop residues fin 
producing favoiable soil tilth his been known 
since ancient times Only recently however ha" 
scientific research provided infoimation that help*' 
to explain the niec hanisms for this pffee I 

Ixpenments reveal that dining the decomposi 
lion of organic matter in the soil niic roorganisnis 
svnthesi/e a variety of gumlike substances at least 
partly polv" ic c hande in nature which when dried 
with the soil bind the soil partic les logethc r into i 
porous watei stable structure While these bindin,-. 
substances are produced in relatively large qiianti 
ties during stages of rapid organic matter dccc»m 
position they may in turn be dc e omposed by other 
organisms Thus to maintain a continuous siippk 
of binding huhstances organic matter must he 
added to the soil frcMpiently 

fn addition to the beneficial action of microbialk 
synthesized binding substancc»s loots and fungal 
mycelia also contribute to the development of 
favorable «coil tilth by molding the smallei gnni 
cemented granules into still larger aggregates 
The aggregates adhering togf ther form large pores 
that permit the rapid movement of air and watei 
and form small pores that store water Both condi 
tions are essential features of good tilth 

Unfortunately not all the effects of organic mat 
ler on tilth are desirable The growth of orgaiwfeW 
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in a fine-textured soil may interfere with the down- 
ward movement of water whenever the soil pores 
become clogged with microbial bodies. This condi- 
tion is of particular significance where water is 
ponded to rechat ge underground water supplies or 
to leach excessive amounts of soluble salts from 
the soil. 

Even the characteristic property of organic mat- 
ter of promoting aggregate formation is not al- 
ways desirable. Some surface mulches during de- 
(omposition induce the formation of a layer of 
small surface aggregates which are more suscepti- 
ble to wind erosion than the fine soil particles 
initially present. In such cases, aggregation inten- 
sifies the hazard «>f severe wind erosion. 

In spite of these negative aspects of the effect 
of organic matter on the physical properties of 
soil, the incoi poration of organic matter with soil 
IS the most suitable and practical way of develop- 
ing and maintaining good tilth. 

Soil conditioners and stabilizers. Soil condi- 
tioners and stabilizers include a wide variety of 
natural and synthetic compounds that, upon in- 
(oipoiation with the soil, improve its physical 
|)Topcrtif‘s The leini soil amendment also is ap- 
plied to these (ompouiids but is a more general 
trim since it includes any inateiial, exclusiye of 
leitili/eis, that is worked into the soil to make it 
more prodmlue, regardless of whether it benefits 
the ph\si(al, chemical, oi mictobiological proper- 
ties of the soil. 

Soluble salts of calcium such as calcium chloride 
and g\psiim, or acid and ac*id-formers, including 
sulfur, siilftinc acid, iron sulfate, and aluminum 
sulfate haye been used as conditioners to improve 
the physic al properties of soils that were made 
unfavorable bv excessive cfuantities of sodium ions 
adsorbed on the soil c'olloidh. 

The tibh of dense clav soils, which are slow to 
take water and hd>e a marked tendency to become 
t lodd>, may be impioved by the addition of gypsum 
and by product lime fiom sugar-beet processing 
tac tones. 

Limestone has improved the physical condition 
of acid soils, apparently by stimulating the activity 
of mil root ganisnis to synthesize substances that 
hind soil particles into aggrc'gateb. ^ •. 

The discovery that soil microorganisms synthe- 
size substances that improve soil structure stimu- 
lated the search fur synthetic compounds that 
would he more effective than the natural products, 
^hile a wide variety of compounds have improved 
''Oil structure temporarily, three water-soluble, 
polymeric electrolytes of high molecular weight 
which are very resistant to microbial decomposi- 
tion have been developed commercially for use in 
ameliorating poor soil structure. These arc modi- 
h*‘d hydrolyzed polyacrilonitrile (HPAN), modi- 
fied vinyl acetate maleic acid (VAMA), and a 
lopolymer of isobutylene and maleic acid (IBMA). 

Mixed with the soil in amounts ranging from 
0 02 to 0.2^ of soil by weight, these compounds 
readily adsorbed by moist soils and tend to 


stabilize or fix the existing structure. They are 
therefore synthetic binding agents and should be 
added only to soils that have previously been 
worked into a desiiable physical condition. These 
materials are not equally effective on all soils, and 
if improperly used they can be as effective in 
stabilizing a poor physi(*al c ondition as in stabiliz- 
ing a desirable one. 

Fertility. Soil fertility may be defined as that 
quality of a toil which enables it to provide nutri- 
ent elements and compounds in adequate amounts 
and in proper balance (or the giowth of specified 
plants, when other growth factors such as light, 
moisture, temperatuie, and the physical condition 
of the soil are favoiable. 

Soil testing. Even though relatively fertile and 
of good physical condition, a soil may be lac'king 
in one or more of 16 of its elements presently 
known to be essential to plant gfowth, or it may be 
strongly acidic*, alkaline or salty, and thus un- 
suitable for plant growth. .Sec Plant. MiNhRAis 
EssFNTiAi TO. Fortunately, sc»il tests are available 
that indicate the existence of possible deficienc*ips 
or exc'esses in the soil. In most instances, these 
tests involve the use of vaiious reagents for extract- 
ing fiom the soil the total or proportionate amount 
of the nutrient or compound in ({uestion. The 
amount of material extracted is then compaied 
with values that have been coi related previously 
with c'rop response on the same or similar soil No 
single test is reliable for all riops on all soils. 

Control of pH. The availability of soil nutrients 
for plants is influenc*ed gieatlv bv the reac'tion of 
the soil Soils may be classified as acid, neutral, or 
alkaline in reaction. The method commonly used 
in measuring and expressing degrees cjf acidity or 
alkalinity is in terms of pH The pH value of soil 
mav range from less than 4 to more than 8. the 
lower the value, the more ac id the soil Under most 
conditions lime is applied to acid soils to maintain 
their pH between 6.5 and 7.0. Undei sppc'ial condi- 
tions it may be desirable to maintain pH values 
either higher or lower than those stated. In anv 
c*ase the desiiabilitv of applying lime should be 
determined bv the pH of the soil and the require- 
ments of the plants to be grown. 

It is occasionally necessary to make soils moie 
acid. Materials commonly used to decrease pH are 
sulfur, sulfuric acid, iron sulfate, and aluminunv 
sulfate. 

Control of salinity. Restricted drainage caused 
by either slow permeability or high water table is 
the principal fac tor in the formation of saline soils. 
Such soils may be improved by establishing artificial 
drainage, if a high water table exists, and b\ sub- 
sequent leaching with irrigation water to remove 
excess soluble salts. 

Soils can be leached by applying water to the 
surface and allowing it to pass downward through 
the root zone. Leaching is most efficient when it is 
possible to pond water over the entire surface. 

The amount of water required to leach saline 
soils depends on the initial salinity level of the soil 
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and the final salinitv level defied When water is 
ponded over the soil about of the salt m the 

root /one tan be removed bv leaf hing with 6 in of 
water for each toot of root /one, about 80' < can 
be removed with 1 ft of watei per fo(»t of soil to be 
leached, and 00^ < can be removed with 2 ft ol 
water per foot of soil to be leached 

Betause all irrigation watei s contain dissolved 
salts, nonsaline soils may become saline unless 
water is applied in addition to that recpiired to 
replenish losses bv plant tianspiiation and evapo- 
ration, to leach out the salt that has ac c iirntilated 
dining previous iirigation- and through the addi 
tion of ff rtili/ei 

Regulating nutrient supplies. The nutrients 
supplied to cic»ps can be legiilated b^ modifying 
the availabiliU of nutrient^ aittadv ptesenl in the 
soil This ran be accomplished bv changing soil 
leaction turning iindei green manure crops m 
( liicliiig legumes wliic h add nitrogen and adding 
feilili/eis Sfc FFliriLl/hR 

R\ changing soil icMclion through tin addition 
of lime dciduiatiiig agenls such as sulfur or rcsid 
uallv acid feilili/eis such as arnmoniuni sulfite 
solubilitv and uvailahilitv of compounds of phos 
phoiiis non, inaiiganc s< coppet /inc boron and 
molvbdeiiuiii can be me leased oi decreased Phos 
phoius ccunpoiinds aic gcMicrallv more avail ible in 
the slightiv acid to ricutial pH range wlicieas 
compounds of iron manganese /me and copinr 
become more available as the ac iditv of the soil 
increases Ihc ic tivitv of mic tootganisnis lesponsi 
bit for the ttarisforrnatjori of nittogen siiHiir and 
phosphorus compounds into foims availabb to 
plants also is influenced bv soil rt iction \ icmc 
tion which IS too acid or too alkaline retards the 
ac tlvlll^^ ot the sr organisms 

i he dccav ol tinned under gieen manures and 
plant lesidufs produces caibon dioxide rendering 
soluble the nutrients from sod particles and the 
nutrients which wcic absorbed from the soil dm 
mg the gictwth of these crops are also made avail 
able Mlhoiigh the turning under of a green manure 
affects the tvailahililv of nutrients it does not add 
Ic) the Icctal nutiient supplv uides*, the green ma 
nine Is d legume which fixes atmosphenc nitiogen 
I he s\^ujn of farming detc'rmmes to a roiisid 
Cl able extent the ininnct m which fertilizers are 
used to icguIdU nutiicnt supplies Cacli system of 
fdi tiling dc pc rids upon the c lop sod climate kinds 
and rates ot ieitdi/ers applied and available 
ec|ui|iment and loi each system there are manv 
wavs of dpplving feitdi/eis 

rommon me thods inc hide broadcasting binding, 
dt*ep placement and foliai applications Broad 
casting feitdi/cr on the sod is usuallv less desira 
ble than loc ali/ed plac erne nt of the fertdi/ei in re 
Idtion to the seed or plant Banding fertilizers to 
the side cd the i iw- in futrow bottoms or beds and 
dulling feildi/er \ith the seed give the best re- 
sponse fiom limited cfiiantities of fertilizer Deep 
placc'meni ol fertilizers m effective m and regions 
wheie sods div out to a considerable depth oi 


where deep-iuoted crops are grown Foliar appli- 
cations of fertdizt*rs, pditicularlv those containing 
mic ronutrientb, circumvent sod interactions. Such 
interactions within the sod may render the applied 
feitilizer unavailable to the ciop Foliar applica- 
tions also make it possible foi the faimei to sup 
pl> his c top" directly with a numbei of essential 
plant iiutiiciits at critical stages of growth See 
PlAWl MINFRAl NIIIRIIION Ol , PlANI, WAFFR RF- 

I AT IONS OF |D(, A 1 

liibiiographv C E Millar I M Turk and 

II D Folh, I undamentah of Soil Scume, W ed 
I9S8 So//, USDA \earlmok Agr , 1^57, L M 
Ihompson Soils and Soil Fertility^ 2d ed 19S7, 
F I Wc»rlhen and S R Aldrich Farm Soils Then 
I trtiluation and Mannginunt^ Slh ed 1956 

SOIL EROSION 

Suil cMosion is that phvsic al process bv which 
sod material is weathered awav and c allied down 
grade bv water oi moved about Iw wind I wo c ate 
goTies of eiosion die tcicjgnized llie fiisl called 
geologic trosioii is a natural pioctss that takes 
place mdc))rnden1 of man's activities I his kind cd 
erosion is alwav'^ active wcMiing awav the suilicc 
features oi the caith I he second kind utcrrccl to 
as accelerated erosion occurs when man disturbs 
the sill face ol the earth or cjiiickcns the pace c^f 
(losion in anv wj> It produce^- conditions that aic 
abnoimal and poses a piobbni foi ihe fuliiie food 
siipph of the world lo combat erosion success 
tidlv It is impoi|fant that man lecogni/e the ero 
sion piofcsscs md havf a knowledge of the fac 
tens wliic h affc'c 1 ( rosion 

Types of erosion. Fiosion bv nmning watei is 
nsiuillv lecogni/ed in one of thiec forms sheen 
erosion nil erosion and gullv erosion 

Shat (rosion The reinc»\dl of a thin laver of 
«-od more oi less imifoiml>, from tlie enliie sur 
face of an area is knc»wn as sheet eiosicin It iisu 
a IK oc c 11 rs on plowed fields that have been n c enllv 
pic parc>d foi seeding but may take plac e aftei the 
crop IS seeded (rPnerallv only the finer soil paiti 
I Ic - aic removed Although the depth of soil lost i- 
not great the total loss of nlativcdv rich topsoil 
from an entire field may bt serious (Fig H) If 
continued for a period e>f years, the entire surface 
layer of soil may be removed In many paits of the 
world onlv the siiiface layer is suited for cultiva 
tion 

Rill erosion During heavv lains runoff water is 
concentrated in small streamlets or iivulets As the 
volume or velocity of the water incieases, it cuts 
narrow trenc hes c ailed nils Erosion of this type 
c an remove large quantities of soil and i educ e the 
soil fertility rapidly (Fig 14) This type of eiosion 
IS particularly detrimental because all traces of the 
rills are lemoved after the land is tilled The losses 
which occ lured are often forgotten and adequate 
conseivation measures aie not taken to prevent 
further loss of soil 

Gully erosion This type of erosion occ urs where 
the concentrated runoff is sufficiently large to cut 
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Fig 13 Sheet erosion showing how soil has been 
brought from the entire cultivated hillside A large de 
posit has collected on the flat area at the bottom of 
the slope (USDA) 



Fig 14 Rill erosion showing how water has followed 
the old corn rows (USDA) 


(hep tit IK lies or wheie continued ciittinfc in the 
‘'inie groove deepens the incision (Tiillvin^ often 
(hxelops wlieit there is a water oveifall The 
Mrtam btd is cut back at the overfall and the gully 
lengthens headward or iipslope Oik e started gully 
ing may proceed rapidlv parti* ularlv in soils that 
do not possess much binding material Gully ero 
Sion requires intensive < ontrol measures (Fig IS) 
''uch as terracing or the use of diversion ditches 
( hec k dams, sod strip che* ks and shi ub c hec kjiyi 
Factors affecting erosion. The rate and extent 
soil eiosion depend upon such interrelated fac 
tois as type of soil, steepness of slope climatic 
( haiac teristics, and land use 
/ype of soil Soil types vary greatly in physical 
and chemical composition The amounts of sand 
*)ilt, and clay constituents, colloidal material and 
otganic matter all have a bearing upon the ease 
>vith which particles or aggregates c an be detac hed 
^rtim the body of the soil Such detachment is 
caused chiefly by the beating action of raindrops 
The particles are then transpoited downgrade by 
tnoving water Sandy or gravelly soils often have 
hide colloidal material to bind particles together, 
<ind hence these materials are easily detached 
Flowever, because of their size, sand particles are 


more difliciilt to move than fine particles For this 
reason sand particles arc moved chiefly b> rapidly 
flowing water on steep slopes or by streams at flood 
stage F'iner particles, such as silt clay, and or- 
ganic matter, can be carried bv water moving at 
a slower latc On gently sloping fields there is a 
tendency foi more of the fine particles to be car 
ried away leaving the heavier sand pat tides be 
hind Howcvct it rainfall is intense and the volume 
of runoff great sand may be moved even on gentle 

slopes 

S/ope The relation of slope to the amount of 
erosion on different classes of soil is illustrated in 
Fig 16 Ihc amount of total lunoff from rainfall 
increases only slightly with increase in the slope 
oi the land above 1 2G but the speed of the flow- 
ing water oi late of runoff, mav increase greatly 
Since the capacity of moving watci to transport 
soil particles increases in geometric ratio lo the 
rate of flow the amount ol erosion me leases gicall> 
with me rease m the slope of the land (Fig 17) 

(lunate In cold climates the fiozen sod js not 
subpft to erosion foi several months of the year 
Howevei if such areas receive heavy snow serious 
( rc»sion may take place when the snow melts This 



Fig 15 A large gully in cultivated land The gully is 
too large to cross with machinery It could be repaired 
by plowing in and seeding to grass (USDA) 



slope % 


Fig 16 Generolized diagram illustrating greater loss 
of fine-grained soil (silty clay loam) on gentle slopes 
(0-5%) and greater loss of sandy soil on steeper 
slopes 
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Fig. 17. Effect of slope on total amount of runoff and 
on rate of runoff and soil erosion. 


is partinilurlv true* if the snow melts as the ground 
gradual l\ thaws. As the water moves over the thin 
unfrozen laver of soil, it transports much of this 
soil rnateiial downgrade. 

in warm climates soils are susceptible to erosion 
anv time there are heavy lains. Such s<iils are par- 
tinilarh vulnerable to erosion if rains fall in win- 
ter and theie is little vegetative cover. 

The amount of rainfall is an important factor in 
determining the erosion that occurs in a given re- 
gion. However, the charactei of the rainfall is usii- 
allv a much more important factui than the total 
diTioiint in determining the seriousness of erosion 
A rain falling at the rate of 2 in. /hour mav cause 
3 T) times as much erosiem as a rainfall of 1 
in. hour. Regions where most of the precipitation 
(‘oines in the form of mist or gentle rain mav un- 
deigo little erosion, even though the total rainfall 
ma> he high and other conditions conducive to ero- 
sion. 

In some areas of dry climates strong winds cause 
soil movement and serious loss of soil. Wind ero- 
sion is mote c'ominon on sandy soils, but it is b> 
no means confined to them. Heavier soils, w^hich 
ha\e a fluffv phvsical condition produced bv freez- 
ing and thawing or diving, may be moved in great 
quantities bv the wind. 

Land usf\ The type of crops and the system of 
manageirumt both influence the amount and type of 
erosion. Rare soils, c lean uncultivated soils, or land 
in intertilled row crops peimit the greatest amount 
of erosion. Crops that give complete ground covei 
throughout the year, such as grass or forests, are 
most effective in controlling erosion. Small-grain 
crops, or those that provide a fairly dense c*over 
for only part of the vear, are intermediate in their 
effect on erosion. Table .S gives results of some of 
the earliest experiments in America on differences 
in land use and the effect on runoff and erosion. 
These results show that cultivated land, especially 
without a crop or protective cover of vegetation, is 
particularly vulnerable to erosion. In addition, ex- 
cessive erosion usually occurs where cultivated 
crops like corn, cotton, and tobacco are grown on 
hilly or sloping land that is subjected to increased 
rates of runoff. In some areas where row crops have 
been groivn continually the soil has been removed 
to the depth of the plow layer within a lifetime. 


Pastures in humid areas usuaUy have a tough 
continuous sod that prevents or greatly reduces 
sheet or surface erosion. Natural range cover, if jn 
good condition, is usually effective in controlling 
erosion, but in areas of limited rainfall, where 
bunch grasses form most of the cover on range 
land, occasional heavy rain may cause severe ero- 
sion of the bare soil exposed between the bunches 
of grass. Forest lands, with their overhead canopies 
of trees and surface layers of decaying organic 
matter, have much greater water intake and much 
less surface runoff and erosion. 


Table 5. Relative runoff and erosion from soil under 
different land uses, with mean rainfall of 35.87 in.* 


Land use and 
treatment 

Runoff, 

% 

Tons soil 
per aeie 
eroded 
annually 

Yf'atb requited 
to lose 
surlaee 7 in 
of soil 

Plowed B in deep, 
mi crop, fallowed 
to keep weeds 
down 

28 1. 

3.1 7 

28 

Plowed B ill , coin 
itriniiidlv 

27 i 

17B 

.16 

Plowed B in , wheat 
anniiiilly 

2.12 

67 

150 

Rotation, rorii, 
wheat, red clover 

14 1 

23 

437 

BlucKiass sod 

11 6 

03 

,1517 • 


* MisHoiiii lloseairli Bull 6.1, 1923 


U^ind eroston/ln the western half of the United 
States and in many olher parts of the wot Id, gieal 
({uantitle^ of soil are moved by the wind. This is 
partif ularlv so in atid and semiarid areas. .Sdiid\ 
soils aie more subject to wind erosion than sill 
loam or dav loam soils. The lattei, howevei, die 
easily eroded when climatit conditions cause the 
soil to break into small aggregates, ranging from 

0.4 to 0.8 mm in diameter. The toarse particles 
usually are moved relatively short distances, hut 
the fine dust particles may be <*arried by strong 
winds for hundreds ot even thousands of miles. 

In some areas the coarse, or sand, particles are 
moved hv the wind and deposited over extensive 
areas as dunes. The dunes move forward in the 
same direction as the prevailing winds, the parti- 
cles being moved from the windward .side of the 
dune to the lee side. If dunes become covered with 
grass or other vegetation, they cease to move. The 
sandhill region of Nebraska is a good example of 
such an area. See Dune. 

Control of soil erosion. The following are a few 
fundamental principles which will help control 
erosion and greatly reduce the damage done by 
soil erosion 

1. Keep land covered with a growing crop or 
grass as much of the time as possible. Cover in- 
creases intake of water and reduces runoff. The ex- 
tent of erosion control will be roughly in propor- 
tion to the effective cover. 

2, When there is no growing crop, retain a covet 
of stubble or crop residue on the land between 



crops and until the next crop is well started. This 
can be done by using a system known as stubble- 
mulch farming. It utilizes the idea of preparing a 
seedbed for a new crop without burying the residue 
from the previous crop. Tillage tools that work be- 
neath the surface and pulverize the soil without 
necessarily inverting it or burying the residue are 
used instead of moldboard plows. This system is 
best adapted to regions of low rainfall or warm 
climates. 

3. Avoid letting water concentrate and run di- 
rectly downhill. By doing this the soil is protected 
against water at its maximum cutting power. Con- 
struct terraces with gentle grades to carry the 
runoff water around the hill at slow speeds. These 
diversions should empty onto grassed waterways or 
on meadow land to prevent creation of gullies. 
See Tekractnc ( agricultural) . 

4. Plant crops and till the soil along the con- 
tours. 

5. Control wind erosion by keeping land covered 
with sod or planted crops as much of the time as 
possible. Maintain crop residue on the land be- 
tween crops and while the next <*rop is getting 
started. 

fh If wind erosion begins on a bare field or one 
where a crop is just getting started, the soil drift- 
ing inav be stopped temporarih by cultivation. An 
iuiplemeiit with shovels that will throw up clods or 
chunks of soil to give a rough surface is usually 
effective. Often, only strips through the field need 
he V.O treated to stop erosion on the whole area. 

7. Moving dunes may require artificial cover or 
mechanical obstructions on the windward side, fol- 
lowed bv vegetative plantings, depending on cli- 
matic conditions. Along shorelines, beach grasses 
followed by woody plants and forests may be re- 
quired. 

For a discussion of the physical, economic, and 
social effects of soil erosion see Soil conserva- 
nON. f F.L.D.l 

Soil (great soil groups) 

A widely used category in the system of soil classi- 
fication in the United States in the past has been 
the great soil group. Each great soil group consists 

a large number of soils with several intMial 
features in common. All soils of any one great soil 
group have the same numbers and kinds of defini- 
tive horizons in their profiles, although the horizons 
are not necessarily of the same thickness or ex- 
pressed to the same degree. For all members of one 
great soil group, however, certain specific horizons 
niiist be recognizable. 

In the United States the thousands of soil series, 
<“ach of which may consist of more than one soil 
tvpe, are classified into some 40 great soil groups. 
All of these groups occur in other parts of the 
>^orId as well, along with some additional ones, 
perhaps 20 more in all. In parts of the world where 
the soils have been studied little, it is likely that 
^oine great soil groups are as yet unrecognized, 
f^or example, available information on soils in trop- 
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ical regions is generally limited and, for some parts 
of the tropics, is completely lacking. Within the 
United States, several new groups have been de- 
fined in recent years. 

Great soil groups are classified into broader 
classes called suborders and orders in two higher 
categories. All great soil groups (all soils) are in- 
cluded in three orders, known as zonal, intrazonal, 
and azonal. Zonal soils have profiles with evident to 
prominent horizons, which largely reflect factors 
such as climate and living organisms that operate 
more or less uniformly over a broad geographic 
region. Intrazonal soils also have profiles with 
evident to prominent horizons, but the latter re- 
flect the dominating influence of some local factor 
of topography, parent material, or time. Aztmal 
soils lack evident horizons in their profiles, largely 
because of youth, highly resistant parent materials. 


Classification of soils 


Order and siiliorder 

Great soil group* 

Zonal soils 

Soils of cold /.ones 

Tundra soils 

Subarctic lirown Forest soils 

Lighl-t'olored soils 

Desert soils 

of arid regions 

Hed Desert soils 

Sierozems 

Hrown soils 

Reddish Brown soils 

I^ark -colored soils of 

(Uiestniit sfuls 

seniiiirid, siibliumid 

Reddish Chestnut Sfuls 

uud humid grasslands 

(Chernozems 

Hruiiizems 

Reddish Prairie soils 

Soils of the forest - 
grassland transition 

Noncal(*ie Brown soils 

Light -eolored pod- 

Podzols 

zolized soils of lim- 

Brown Podzolic soils 

berini regions 

Gray Wooded soils 

Sols Bruns Acides 
(iray- Brown Podzolic soils 

Lateritir soils of 

Red- Yellow Podzolic soils 

forested wariii-tem- 

Reddish-Brown Lateritic soils 

pc'rate and tropical 

Yellowish- Brown liUleritir soils 

regions 

(Groups of Lutosols 

Intrazonal soils 

Halumorphic (saline 

Solonchak (saline) soils 

"*^nd alkali) soils of 

Solonetz (alkali) soils 

iTiiperfei'll) drained 
places 

Soioth soils 

Ilydromorphic soils 

Humic-(Rey soils 

of manih(*8, swamps. 

Alpine Meadow soils 

seep areas, and flats 

Bog soils 

Low-Huinic Gley soils 
Platiosols 

Ground -Water Podzols 
Ground-Water Laterite soils 

^Calcimorphic soils 

Brown Forest soils 

Rendzinas 

(irrumuHols 

C'aleisols 

Dark soils on volcanic - 
ash 

Ando soils 

Azonal soils 

(No suborders) 

Lithosols 

Hegosols 

Alluvial soils 


* Each great soil group consists of several or many soil 
series. 
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or bteep topography. Characteristics of azonal soils 
are mainJv those of the patent materials. 

Within each of the zonal and intrazonal orders 
are several suborders, defined largely on the basis 
of climate and natiiial vegetation. No suborders 
have been set apart in the a/onal order. 

(treat soil groups, subordeis, and orders, as they 
^ere defined in 19R9. are listed in the preceding 
table. Of these three categories, that of the sub- 
order has been used verv little. Categories most 
used in the soil ( lassifu ation system in the United 
Slates hd\e been tlie soil series, soil type, great 
soil group, and ordei 

Brief descriptions foi majoi great soil gioups 
are gi\en in the following subsec'tions in alphabeti- 
cal sequence. Within these group descriptions men- 
tion mav also be made of other gteat soil groups 
that are eithei less important or less well known. 
A revision of the basic or pedologi<‘al system of soil 
classification in the United States is now being c‘om- 
pleted, which will effect important changes in the 
categciries dbo\e the le\el of the soil series. Tlie 
tategor\ of the gieat soil group, as used in the past, 
will most nearh c or respond to the (ategor\ of the 
suborder in the revised classification. A number of 
great soil groiqis will rcmiain essentialN intac't in 
some* latc'gorv of the rc'vised c lassific ation system, 
whereas others will no longei appeal as separate 
entities For a discussion oi the tevised system of 
soil i lassific ation, see Sou 

Alluvial soils. An a/onal group of soils, formed 
from geologic all V recent <i11u\ii]m. Alluvial soils 
lack evident hoii/ons in their |iiofiIes even though 
the surface lavcT mav have gained some organic 
matter The alluvium is stratihed in most places 
The soils range from wet to exliemelv drv and 
oc I HI in all exceiil veiv cold climates Many of the 
soils are highly lerlile, hut some are not A large 
proportion of the pc’ojile in the woild arc* dependent 
upon food prodii(*tion from Alluvial soils. 

Ando soils. An mtra/onal group of sods formed 
from volcMnic ash, the Ando soils have thick, dark 
A horizons, high levels of acidity, and pcioilv tivs- 
talline c lav inineials. These soils are widely dis. 
tiihiitc*d. cKciirring over a wide range of tem- 
per aim c's in humid climates, but apparently are 
restricted to regions of rather recent volcanic ac- 
tivitv They have been formed under both grass 
and forest vegetation. The name was coined from 
Japanese words meaning dark soils fFig. 1). 

Bog soils. An intrazonal group. Bog soils con- 
sisi of brown, dark-hrown. or black peat or muck. 
These deposits consist of partiv dec ayed remains of 
(ilants that have been preserved in wet places where 
they remain saturated with water. Some peats and 
mucks can be made verv productive if they are 
drained, but many cannot. All Bog soils tend to 
shrink and to be oxidized rapidly if they arc over- 
drained. 

Brown soils. A zonal group of soils having 
brown A horizons of moderate thickness grading 
into lighter -colored B or C horizons. Brown soils 
commonly have an ac^cumulation of calcium carbon- 



Fig 1 Ando soil profile showing thick, dark A hori 
zon and general penetration of fine plant roots, num- 
bers on scale indicate feet. (Photo by R. W Simonson, 
Soil Conservation Service, USD A) 

ate at depths of 1-3 ft. These soils weie foinicd 
under short grasses, bunch grasses, and shrubs in 
temperate to cool, semiarid c lirnates. Much used 
for wheal growing in North America, the soils have 
less dependable rainfall than do the darker-colored 
Chernozems and Chestnut soils. The related group 
of Reddish Brown soils differs from Brown soils in 
color, as indicated by the name, and occuis undci 
warmer c lirnates (Fig. 2). 

Brunizems. A zonal group of soils, these soil** 
have acid, thick, very dark brown to black A hori- 
zons rich in oiganic matter, brown B horizons that 
may or may not be mottled, and lighter-colored 
parent materials at depths of 2-5 ft. These soil*' 
were formed under tall grass vegetation in temper 
ate, relatively humid climates. They are distin- 
guished from Chernozems, which may be verv 
similar in appearance, bv the absence of a layer 
accumulated calcium carbonate in the deeper 
file. Brunizems are fertile and highly produ^^*'^^' 
comprising major soils in the Corn Belt of thr 



^ig 2 Brown soil profile with A and B horizons of 
equal thickness in the top foot and highly calcareous 
C horizon, numbers on scale indicate feet. (Photo by 
R W Simonson, Soil Conservation Service, USDA) 

I iiUcd States Called Prairii* soils in most piih- 
Ii*'hed liteidture, this ^roiip b\ no means extends 
dll of the giassland loinmonly known as 
pi dine (Fig. 3). 

Keddisli Prairie soils are a eloseh related group. 
Hiffeimg mainh in rolor and eoiniiionlv oeniriing 
in warmer climates 

Calcisols. An intia/onal group. Calcisols have A 
iioii/ons that are variable in thickness and color, 
prominent deeper horizons of calcium carbonate 

I iiinulation. and calcareous parent materials 
riicse soils weie formed from parent mateiials that 
'^ere high to very high in carbonates. Recently f)to- 
posed as a great «oil group. Calcisols are associated 
i^itli the zonal groups of Desert soils. Red Desert 
‘'Oils, Brown soils. Reddish Blown soils. Chestnut 
^oils, Rf^ddish Chestnut soils, and Chernozems, Sur- 
faie horizons of the Calcisols tend to be like those 
of the associated zonal soils. The group has a wide 
geographic range in arid, semiarid, and subhiimid 
< limates. 

Chernozems. These comprise a zonal group of 
''Oils having thick, black A horizons rich in organic 
OMlier. brown transitional B horizons which may 
dso be higher in cla>, light-colored C horizons, and 
l aibonate accumulations at depths of 4 ft. 
Jhese soils were formed under tall grasses or a 
otJxture of tall and short grasses in temperate to 
^'ool, subhumid climates. Chernozems are ex- 
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tiemely feitile, but production from them is vari- 
able because of fluctuations in weather. These soils 
are prominent in the great grain-growing sections 
of North and South America and in the steppes of 
the Soviet Union and eastein Ruiope (Fig. 4). 

Closely related great soil groups aie the Chest- 
nut soilh and Reddish Chestnut soils. The first 
group has less daik A horizons, profiles that are 
not so deep, and carbonate accumulations nearer 
the Mil face. Chestnut soils are formed in regions 
between those of Chernozems and Brown soils, 
where the dimate ih intermediate in chaiacter. 
Rc'ddish Chestnut soils diffei in color, as their name 
indicates, and are formed in warm-temperate to 
warm, semiand r limates. 

Desert soils. These comprise a zonal gioiip ol 
soils having light-coloted A horizons low in organic 
niattei, tiansitional B horizons that niav be similai 
or darker in coloi and higher in day, light-i olored 
C hoiizons, and carbonate ai cumulations at depths 
ol 1-3 ft. Desert soils ha\e berm foimcd under 



Fig. 3. Brunizem profile showing thick, dark A horizon 
and filled former onimal burrows in deeper horizons; 
numbers on scale indicate feet. (Photo by R. W, Simon- 
son, Soil Conservation Service, USDA) 
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Fig. 4. Chernozem profile with thick, dark A horizon, 
dork B horizon of equal thickness, and C horizon 
marked with white spots of calcium carbonate; num- 
bers on scale indicate feet. {Photo by R, W. Simonson, 
Soil Conservation Service, USD A) 

scanty shrub vegetation in cool to temperate, arid 
c'.liinates. Profiles are generally neutral to mildly 
alkaline in reaction. 

Closely related great soil groups are the Red 
Desert soils and Sierozems. The former have redder 
colors than the Desert soils and occur in warmer 
climates. Sierozems are similar in general appear- 
ance of the profile but have slightly thicker hori- 
zons with carbonate accumulations at greater 
depths and oc<'ur in slightly less arid climates. In 
many ways, Sierozems are intermediate between 
Desert soils and Brown soils (Fig. 5) . 

Gray-Brown Podzolic soils. A zonal group, these 
soils have thin surface layers, partly of leaf litter 
and partly of mild humus, thin dark Ai horizons, 
lighter-colored leached Aa horizons, brown B hori- 
zons that may or may not be mottled with more 
clay and a blocklike structure, and light-colored 
parent materials at depths of 2-5 ft. The entire 
profile is acid in reaction but less so than those of 


Podzols and Red- Yellow Podzolic soils. Gray- 
Brown Podzolic soils were formed under deciduous 
forest vegetation, for the most part, and under 
temperate, humid climates. Important in the north- 
ern half of the eastern United States and in western 
Europe, these soils are suitable for many crops and 
are responsive to good management, but they re- 
quire fertilizers and other amendments for high 
yields. 

Related great soil groups not described sepa- 
rately are the Gray Wooded soils, Sols Bruns 
Acides, and Brown Forest soils. The Cray Wooded 
soils may be thought of as analogs of the Cray- 
Brown Podzolic group, but are found in cooler 
regions where rainfall is also ^lightly lower. Gray 
Wooded soils have lighter colohi^d A^ horizons and 
more drab B horizons, as a rule. They also com- 
monly have carbonate accumulations in the deeper 
profiles, which are absent from Cray-Brown Pod- 
zolic soils. 

Sols Bruns Acides (brown acid soils) are more 
acid and have much less distinct B horizons than 
Cray-Brown Podzolic soils. Many occur in regions 
bordering Podzols and some are associated with 
the latter group. The Sol Brun Acide group has 
been recognized in the United Stales only within 
the last few years. 



Fig. 5. R^d Desert soil profile with pale silty A hori- 
zon, darker B horizon higher in clay, and calcare- 
ous C horizon; numbers on scale indicate inches; pro- 
file shown is 20 in. deep. (Photo by R. W. Simonson, 
Soil Conservation Service, USDA) 




Fig 6 Gray Brown Podzolic soil profile with A hori 
zon 12 in thick over darker B horizon with blocklike 
structure, larger numbers on scale indicate feet (Photo 
by R W Simonson, Soil Conservafion Service, USDA) 


Brown Forest soils are an intrazonal group hav 
mg dark brown A horizons high in organn matter 
over (alcareoiis, lighter colored C horizons These 
soils were formed under deciduous fonst from 
parent materials rich in lime Commonly slightly 
ac id to mildly alkaline in reaction in the A horizon, 
the soils are (akareous or nearly so in the deeper 
profile and arc high in exchangeable calcium They 
aie most commonly associated with Gray Brown 
I^idzolic soils (Fig 6) 

GnimuBOls. An intrazonal group, the Grumusols 
have profiles which are rather high in clay, rela- 
tivel> uniform in texture, and marked by signs ot 
hxal movement due to shrinking and swelling as 
the soils wet and dry Many soils in this group have 
thick dark A horizons over calcareous C horizons, 
hut others are uniform in general appearance ex 
for signs of churning Grumusols were formed 
Irom parent materials that were high in clay and 
<tlka]ine-earth elements or from rocks that provide 
abundant clay and alkaline earths upon weathering 
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Occurring chiefly in tiopical and subtropical re- 
gions with alternating wet and dry seasons, the 
soils extend into cool regions as well Soil move 
ment due to shrinking and swelling of the mass 
ds It wets and dries tends to produce a micro- 
relief of small knolls or ridges and basins, often 
c ailed gilgai Among names used for this group are 
Kegtir in India. Black Cotton soils in parts of 
Africa, Black Earths in Australia, and, formerly, 
Rendzinas in the United States 

The name Rcndzina was formerly used m the 
United States for soils now set apart as Grumusols 
and also for gray to black shallow to very shallow 
soils formed from limestone The name is now 
resiric ltd to these latter soils which lack the c apac 
ity to shrink and swell with changing moisture con 
tents 

Humic-GIgy soils. An intrazonal group of pooil> 
oi very poorly drained soils having thick black A 
horizons high in organic matlei over gray oi mot 
tied B or C horizons these soils weie formed under 



Fig 7 Humie-Gley toil profile showing very thick 
dark A horizon and signs of mixing and movement by 
burrowing animals in deeper horizons, numbers on 
scale indicate feet (Photo by R W Simonson, Soil 
Conservation Service, USDA) 
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herbaceous marsh or swamp forest vegetation in 
subhumid, cool to warm-temperate climates. Most of 
the soils are medium arid to mildly alkaline in 
reaction and rather fertile, but some are strongly 
acid and low in plant nutrients. Many of the soils 
are highly productive if drained and managed well, 
as indicated by their importance in the Corn Belt 
of the United States (Fig. 7). 

Closely related i*' the group of I^ow Humic-Gley 
soils, largely restricted to humid cool to tropical 
climates. These soils have thin A horizons rather 
than thick ones but have very similar deeper pro- 
files. On the whole, they arc less desirable but some 
are highly productive under good management. 

Wet soils having a mucky or peaty surface layer 
of appreciable thickness, formed under swamp ^ 
forest, which would not (fualify as Bog soils, were 
formerly placed in an intrazonal group known as 
Half-Bog soils. Under cultivation, these become 
indistinguishable from Humic-(ilr> soils. 

An intrazonal group similar in piofilc appearance 
to Humic-Glev soils is that of Alpine Meadow soils, 
found in rather wet meadows at high altitudes near 
or above timber line. Suth soils also have some 
affinities with those of the Tundra group, in that 
the deeper profile is cold or frozen much of the 
time. 

Latosois. A broad zonal group of soils, Latosols 
are strongly weathered, high in sesquioxides, rela- 
tively low in silicates, porous throughout the pro- 
file, and marked bv indistinct horizons. The soils 
ha>e evident A horizons as a result of gains in 
organic matter, below which further distinction^^ 
are obs(uie. I atosols have been formed under for- 
est vegetation in humid to subhumid, tropical 
climates. The soils are generally of low to verv low 
fertility but are widely used for both subsistence 
and commercial crops. Yields are generally low 
under simple management but can be high on a 
number of Latosols under complex management, 
including fertilization (Fig. 8). 

"rhe term Ldtosol covers a broader range of soils 
than is normally included within a single great soil 
group. It may be that the broad group of soils now 
included in this class is more nearly a suborder 
than a great soil group. It seems clear that several 
great soil groups will need to be recognized for the 
soils now called Latosols, and several such groups 
have been proposed. As now used, Latosols include 
soils that some years ago were called Laterites, 
Reddish Brown Lateritic soils, and Yellowish 
Brown Lateritic sc»ils. These last two groups are 
considered in a subsequent description of Red- 
Yellow Podzolic soils. 

A related intrazonal group of Ground-Water 
Laterite soils occurs in the same general regions as 
the Latosols but was formed under conditions of 
impeded drainage. The profile commonly includes 
concretionary layers or completely cemented layers 
of laterite. Such soils are presently of little value. 
See La rERiTE. 

Lithosols. An azonal group of soils lacking evi- 
dent genetically related horizons, Lithosols were 



Fig. 8. Latosol profile showing lock of distinct hori- 
zons and the deep penetration by fine plant roots, 
numbers on scale indicate feet. (Photo by R. W. Simon- 
son. Soil Conservation Service, USDA) 

formed in materials that are shallow or ver> shal 
low to bedrock and commonly stony. Lithosols com- 
monly occur in hilly or mountainous regions, oc- 
cupying steep slopes. 

Noncaicic Brown soils. A zonal group, these 
soils have light to medium-colot ed A horizons low 
in organic matter, yellowish brown to red B hun 
zons high in clay, and lighter-colored underlying 
parent mateiials. The soils are generally slightly 
acid to neutral in reaction, being less acid on the 
whole than Cray-Brown Podzolic soils. Character- 
istically, the A horizons become very hard or ex 
tremely hard when dry, although they are friable or 
very friable when moist. Some of the soils have 
hardpans in the deeper profile. These soils were 
formed under thin stands of deciduous trees mixed 
with brush and grass in temperate to warm-tem- 
perate, wet-dry, subhumid to semiarid climate'' 
The climatic regime is similar to that of the Med 
iterranean region, and the Noncaicic Brown soib 
seem to be closely related or identical to a group 
known as Red and Yellow Mediterranean soils. The 
soils are of moderate fertility, on the whole, but 



Soil ( 9 roat toil Qroupt) 439 


production is variable because of uncertain rainfall. 
Under irrigation, many of the soils are highly pro- 
ductive. 

Planosols. An intrazonal group, these soils have 
one or more horizons abruptly separated from and 
sharply contrasting to an adjacent horizon because 
of high clay content, cementation, or compactness. 
Some Planosols have B horizons very high in clay 
beneath A horizons that are low in clay, the two 
being separated by an abrupt boundarv. Other 
Planosols have a fragipan. a compart, or brittle, 
seemingly cemented hoiizon, below a B horizon 
with some clav accumulation. Planosols have been 
formed under both grass and h»rest in temperate to 
subtropical, subhiimid to humid < limates. Because 
some horizon in the profile is slowly permeable to 
air, water, and roots, the soils arc difficult to man- 
age siiKCssfiilly for crop production and aie 
belter suited for shallow-rooted than for deep- 
rooted plants ( Fig. 9 ) 

Podzols. These comprise a zonal group of soils 
ha\ing a suiface mat of leaf litter and acid humus; 



9. Planosol profile with pale A horizon about 18 
in. thick resting on B horizon high in cloy, a clay- 
Pan; numbers on scale indicate feet. (Photo by R. W, 
Simonson, Soil Conservation Service, USDA) 



Fig. 10. Podzol profile showing marked local varia- 
tions in thickness of A and B horizons, scale marked to 
show 6-in. intervals. (Photo by W. M. Johnson, Soil 
Conservation Service, USDA) 

a leathed, acid, and light-i oloied Aj horizon; a 
brown to black B horizon in which either organic 
matter oi sesquioxides or both have accumulated; 
and a lighter colored C horizon. Individual horizons 
aie thin (a few inches) in many Podzol profiles, 
but they are thick in others. In some Podzols, the B 
horizon is cemented into a hard layer known as 
ortstein. Podzols have been formed for the most 
part under coniferous forest or heath vegetation, 
although M>me were formed under mixed forests of 
various kinds. Most Podzols are in regions of cool, 
humid f limates : a few may be found in warm-tem- 
perate and tropical climates These soils are all of 
low fertility but can be improved and made fairly 
productive with good management (Fig. 10). 

Brown Podzolic soils are a closely related zonal 
group, like Podzols in many ways, but they lack a 
distinct Aj> horizon and generally have less distinct 
horizAins. 

A related intrazonal group is that of Ground- 
Water Podzols, formed under conditions of im- 
peded diainage. These resemble Podzols in the 
sequence of horizons, but the B horizons are gen- 
erally higher in organic matter and lower in iron 
oxides. Ground- Water Podzols have been formed 
mainly from sandy sediments under forest vegeta- 
tion in humid, cool to tropical climates. Much im- 
provement is needed for the successful growth of 
crop and pasture plants on such soils. 

Red-Yellow Podzolic soils. These are a zonal 
group of soils having thin surface layers of litter 
and acid humus; thin organic-mineral Ai horizons; 
thicker light-colored and leached A 2 horizons; 
thick red, yellowish r^, or yellowish brown B 
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horizons with some accumulation of clay and ses- 
quioxides; and relatively siliceous C horizons. 
G>arse reticulate patterns of streaks are common 
in the deeper C horizons. Parent materials com- 
monly contain appreciable amounts of quartz or its 
equivalent in the silt and sand sizes. Red-Yellow 
Podzolic soils have been formed under deciduous, 
coniferous, or mixed forests in warm-temperate, 
humid climates. They also extend into tropical 
regions where they were formed under broadleaf- 
evergreen, coniferous, or mixed forests. The soils 
are low in organic matter and plant nutrients but 
respond to good management and are used for a 
wide variety of crops. Large acreages are also in 
forest (Fig. 11). 

Reddish Brown Lateritic soils and Yellowish 
Brown Lateritic soils comprise closely related 
groups having the same geographic distribution as 
Red-Yellow Podzolic soils but formed from less 
acid and less siliceous parent materials. Conse- 
quently, they lack the light-colored and leached 



Fig. 11. Red-Yellow Podzolic soil profile with pale A 
horizon 14 in. thick over a darker B horizon higher in 
clay and iron oxides and of about equal thickness; 
numbers on scale Indicate feet. (Photo by R. W. Simon- 
son, Soil Conservotion Service, U$DA) 



Fig. 12. Regosol profile in sand showing lack of evi- 
dent horizons; numbers on scale indicate feet. (Photo 
by R. W. Simonson, Soil Conservation Service, USDA) 


A 2 horizon dominated by quartz and instead have a 
thick A I horizon and a tran.sitional An horizon. The 
deeper profile is much like that of Red-Yellow 
Podzolic soils hut is commonly darker in color and 
often higher in clay. These soils are more produc- 
tive than Red- Yellow Podzolic soils for some crops 
and for pasture but are less desirable for other 
crops. 

RegOSOls. An azonal group of soils, the Regosols 
lack evident genetically related horizons and were 
formed from deep unconsolidated regoliths, such as 
loess, sands, or glacial drift (Fig. 12). See Loess; 
Recolith ; Till. 

Solonchak. An intrazonal group of soils having 
high concentrations of soluble salts and lacking 
clearly differentiated horizons in the profile, these 
soils were formed under salt-tolerant grasses and 
shrubs in. cool to tropical, arid to subhumid cli- 
mates, commonly in places that receive seepage or 
runoff water. Some Solonchaks are used for crops 
under irrigation, following leaching and removal 
of the soluble salts. 


Latosol profile under sugar cane, 
showing great uniformity of profile 
Scale in feet 


Photographs by W H. Johnson, Soil Conservation Service, U.$.D. 


Sierozem profile with brown A and 
B horizons of equal thickness over 
highly calcareous C horizon. Scale 
in feet 


Chernozem profile with thick dark 
horizon, prismatic B horizon, and 
horizon of calcareous loess Scale 
feet. 



rumusol profile with wide crdcks Red-Yeliow Podzolic soil profile with 
rough A horizon, caused by shrink- thick, nearly white, and sandy A 
je as soil dries. Scale in feet. horizon over red B horizon that is 

much higher In clay content. Scole 
in feet. 


Noncalcic Brown soil profile wi 
hardpon below depth of 2 ft. Sea 
in feet. 







Related intrazonal groups of soils are Solonetz 
and Soloth. If a Solonchak that is high in sodium 
salts undergoes partial leaching, it may become 
highly alkaline and gradually acquire a dark, hard, 
columnar B horizon marked by clay accumulation. 
This soil is a Solonetz, a member of another intra- 
zonal group. Further leaching may largely remove 
sodium, slowly making the soil acid and breaking 
down the dark, hard B horizon, with formation of 
still another intrazonal soil, the Soloth. This last 
group is uncommon and of limited extent, whereas 
^lonetz soils comprise a widely distributed group 
in arid and semiarid regions. Some members of 
that group are used for crops under irrigation, 
although management is difficult and yields are 
often low. 

Subarctic Brown Forest soils. These are a zonal 
group of soils having thin surface layers of leaf 
litter and humus, dark brown A horizons fairly high 



^'9 13. Subarctic Brown Forest toil profile with forest 
litter on surface, dark A horizon 4 in. thick, and pale 
C horizon; deeper profile is morked by plont roots 
and traces of former roots; numbers on scale indicate 
inches. (Photo by R. W. SimonMon, Soil Consorvation 
Service, U5DA) 
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in organic matter, and deeper light-colored B or C 
horizons. These soils have been formed under for- 
ests of aspen, spruce, and birch in cold, subhumid 
climates, marginal to the zone of the tundra (Fig. 
13). 

Tundra soils. These have been defined in the 
past as a zonal group of soils having dark brown 
surface layers high in organic matter over grayish 
horizons which rest on an ever-frozen substratum. 
The soils have been formed under sedges, shrubs, 
and mosses in cold, semiarid to humid climates. 
Most soils in the tundra region seem to be poorly 
drained, resembling those of the Low Humic-Gley 
group in general morphology, except for the frozen 
substratum. Occasional sites are well drained and 
have profiles much like those of the Subarctic 
Brown Forest group, although the soils were formed 
under sedges, shrubs, and mosses rather than forest. 

1J.C.S.; R.W.SI.] 

Bibliography: SoiU and Men^ USD A Yearbook 
Agr., 1938; J. Thoip and C. D. Smith, Higher 
categories of soil classification: ordef, suborder, 
and great soil groups. Soil Sci.^ 67(2) :117 126, 
1949. 

Soil, zonal distribution 

A world-wide consideration of zonal soil arrange- 
ment on the lands of the earth. Zonal soils are the 
well-drained soils developed on undulating to roll- 
ing topography Local differences in parent ma- 
terial, vegetative cover and incorporation, age. and 
drainage characteristics produce variations in soil 
type which may be classified in great soil groups. 
Every soil type in an> great soil group has the same 
number and kinds of definitive horizons within its 
vertical profile. The world contains perhaps 60 
great soil groups. Some of these groups have domi- 
nant characteristics related to excess drainage or 
dominating parent material unrelated to any zone 
of the earth (intrazonal). Others are immature with 
poor horizon development also unrelated to earth 
zones (azonal). The qualities of the remainder of 
the gieat soil groups, the zonal soils, reflect the 
temperature, precipitation, and vegetative cover of 
broad areas ; and within each of these zones certain 
combinations of great soil groups are character- 
istic. See Soil (great soil croups). 

Six broad classes of zonal soils may be recognized 
on a generalized map of the earth (see illustra- 
tion). One consists of areas of high local relief such 
as mountains and rough hill lands. Within these 
areas there are relatively few zonal soils, and local 
patterns of soil arrangement are very complex. The 
remainder of the earth includes the other five cate- 
gories of zonal soils: tundra, podzolic, latosolic, 
chernozemic, and jdesertic. Each category includes 
considerable variation and the zonal soils of each 
region are associated with soils other than the 
dominant variety. In some areas, azonal and intra- 
zonal soil may predominate because of unusual 
local characteristics. Nevertheless, the broad zonal 
categories have much meaning to world patterns of 
farming and forestry. 
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Tundra soils. Flirsr soils ot « ur in the high 
latitudes where a (cdd (liiiiale and litth vegetation 
ate t haia< teristn I he low teini»eialuies ic stint 
hiologii and weatheiiiig a(tivit>« thus hoii/ori dit 
ieientiation is poor Pei mafiosi oi permanent ly 
iio/en subsoil is geneial, wheie drainage i^ lela- 
tivelv good the soils have (lodzoln ( haiat teiistn s 

Ste PlKMAIKOSl 

Podzolic soils, \inong the zonal soils, pod/oln 
soils dominate in a broad area of humid siihaictn 
( limales in the N<»ithern Hemispheu 1he\ occur 
in a few small aieas eUewheie, lint the long, cold 
w Intel s, vhoit siiinmeis, and a loiesi vegetation of 
conileioiis and mixed c oniferoiis dcM iduoiis broad 
leal tiees in the siihaii tic areas lavoi tlitir develop- 
ment Pod/oln soils are giavish and strongly 
bached in the \ hori/on ( uppei pait), thev are 
commonh acid and low in bases, suc'h as calcium, 
as well as jn mcoiporated organic matter For in- 
foiination on soil profiles and their horizons vee 
Son The B hoiiron is iisuallv strongly maiked by 
a u(*t leceipt of materials (illuviated rather than 
cduviated) to an extent that chemical or mechani- 
cal cc'^mcmtaticm commonly produces a pan layer 
(such as clav pan or hard pan) which inhibits 
drainage and tool penetration I evels of fertility 
are low and their iitili/ation tor agririilture le- 
qiiiies careful management 

Latosolic soils. Bioad areas in central Africa, 
northein Soulh America, Central America, south- 
east \sid and northetn Australia are c haiac ten/ed 
by latosolii sods Because of high temperatures 
and piei filiation thev are slionglv weathered and 


leached to great depths Hori/on development is 
pool I he \ tend to have high concentrations ol the 
oxides of non and dliirnmum and are c liarac teiisti 
tally led oi yellow Ihey aic highlv poioiis and h s«s 
sulips t to erosion than middle latitude soils F\ 
Heine* icvfic entrations of non oxide sometimes pio 
diice a pan lavei called ldtc*riU The uppei elii 
viated portion ol the* dc“ep piofile is lelativelv in 
tculile and sustainc*d cropping is not possible with 
out (onsidei able fertilization 
Chernozemic soils. Soils of this type die de 
V eloped in areas of glass vegetation in the seniiaiid 
and suhhumid regions of either the tiopics or the 
middle latitudes Then development for agciciil 
liiidl purposes is best in the middle latitudes in the 
eastern (^reat Plains of North America, the eastein 
plains ol Argentina and adjac ent areas, and a broad 
easi-west belt in south ccmlral USSR fiom the 
Ukraine easlwaid Cherno/emic soils have daik 
colored, thick A hori/uns, and are high m organic 
matter content owing to the automatic incorpora- 
tion of the loot masses of annual glasses. Thev 
have a neutral to basic reac lion and are ordinanlv 
very fertile. Moisture capacities are high 

The c hernozemic soils of the middle latitudes are 
among the most productive soils of the world They 
are easily worked and the grains pioduced from 
them have a high protein content, in contrast to the 
higher caibohydrate concentrations produced from 
podzols and latosols Tropical and subtropical cher- 
nozems are neither so productive nor so easy to till 
Desertic soils. These have developed under 
mixed shiiib and grass vegetation in arid cbmates 
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in middle and low latitudes. Most of the desert 
dreii.s contain relatively large regions of azonal and 
intrazonal soils. Desertic soils are slightly weath- 
ered and leached, and are low in oiganic matter 
and nitrogen. Profiles are faint and horizons are 
shallow. Nutrient levels, on the other hand, are 
commonly high, and with proper management and 
water provision they can be highly productive. See 
Soil. [a.h.r.] 

Bibliography \ V. C. Finch, G. T. Trcwartha, 
H. Robinson^ and E. H. Hammond. Elements of 
Geography^ 4th ed., 1957; SoiL USDA Yearbook of 
Vgriculture, 1957. 

Soil balance, microbial 

Tlic equilibrium between the diverse types of micro- 
organisms in soil. Although the (pialitative and 
(piantitutive ccunposition (»f the soil mi< roflora and 
iiiK rofauna fluctuates with tem])erature, moisture, 
and treatment (sinh as iertili/ation. cultivation, 
and Cl opping) of the soil, a balam e exists which is 
( liarac leiistK of a given soil. The balance is deler- 
rnmed (hieflv bv the available supply of niitiients 
required bv groups of microorganisms ot different 
niilritional needs The n umbers and tvpes of the 
inn roorgan isms also depend on the available nu- 
ll lent suppiv Associative and antagonistic effects 
t verted bv (eitain oiganisms on others are factors 
in establishing the balance The equilibrium is not 
easily upsc*t Natural soil resists attenqits to change 
It balaiic e when organisms are intioducTcl. 

Associative action. The process whereby one 
tvpe of microorganism produc‘es a substanc'e re- 
(|iiiied bv anothei is widespread in soil. This action 
riiav be extended through suc'cessive group«> to give 
a (ham efff*c t. Thus ammonia formed through de- 
( oiiqiosition of fuoteins by pioteolvtic miciooigan 
Isms IS used by nitrite^- forming bacteria. Nitrite is 
re(|iiired by nitrate-feuming bacteria. Manv c’ellu- 
l(»se.(Jpeomposing organisms utili/e nitrate in hv- 
di(»!v/ing cellulose, and form glucose and organic 
dc ids which may be used by still other forms. Many 
->(ul hactc*ria synthesize vitamins needed by other 
organisms. Svntrophism is a form cif associative ac- 
tion in whicdi two organisms are mutually depend- 
ent, each producing a factor needed by the other. 

Antagonisms between soil microbes. Jhese 
are a factor in maintaining the equilibrium and are 
nianifested in different ways. Many protozoa depend 
upon bacteria for food and ingest certain speedes in 
preference to other Antagonism may rest on a 
tornpetilion for nutrients. It may also depend upon 
the production of substances inhibitory to other or- 
Kdnisrns, particularly antibiotics Though synthe-' 
''i/ed only in small amounts, the antibiotic’s exert 
their effec'ts in the microenvironments in which soil 
JTiii'robes are active. The advantage possessed bv 
'*tJch microorganisms does not lead to their pre- 
dominance, since capacity for antibiotic production 
but one factor in the competition with other 
microbes. See Rhizosphlre; Son. microbiology. 

rA.G.L.l 


Soil conservation 

The practice of arresting and minimizing artifi- 
cially accelerated soil deterioration. Its importance 
has grown because cultivation of soils for agricul- 
tural production, deforestation and forest cutting, 
grazing of natural range, and other disturbances of 
the natural cover and position of the soil have in- 
creased grc^atly in the last 100 years in response to 
the growth in world population and man's technical 
capacity. Accelerated soil deterioratiern has been 
the c’onsequence. 

Geographic extent and intensity. Accelerated 
erosion has been known thioiighoiit historv wher- 
ever men have tilled or grazed slopes or semiarid 
soils. There are many evidenc’cs of the physic'al 
effects of accelerated erosion in the eastern and 
c’entral parts of the Mediterranean basin, in Meso- 
potamia, in China, and elsewhere. Wherever the 
balance of nature is a delicate one, as on steep 
slope's in regions of intense rainsti>rms, or in semi- 
arid regions of high rainfall variabilitv. grazing 
and t iiltivation eventually have had to contend with 
serious or disabling erosion. Irrigation works of the 
Tigris and Euphrates valleys are thought to have 
siiffeied from the sedimentation c‘ausi*d by quic’k- 
ened erosion on the range lands of ufistrearn areas 
in anc’ient times. The hill sections of Palestine, 
Syria, southern Italy, and (>tec<e experienced seri- 
ous soil losses from grazing and other land use mis- 
management many centuries ago. Accelerated 
water erosion on the hills of southern China and 
wind erosion in northwestern China also date far 
back into history. Exactly what effects these soil 
iiioveinents rnav have had on history has been a 
debated question, but their impact may have been 
serious on some cultures, such a*' those of the Syr- 
ian and Palestinian areas, and debilitating on 
others, as in the cu-e of classical Rome and the 
China of several centuries ago. 

The exact extent of acc'elerated soil erosion in 
the woild today is not known, paiticularly as far as 
the rate of soil movement is concerned However, 
it may be safely said that nearly every semiarid 
area with cultivation or long-c'ontinued grazing, 
every hill land with moderate to dense settlement 
in humid temperate and subtropical climates, and 
all cultivated or grazed hill lands in the Mediter- 
ranean climate areas suffer to some degree fronri 
such erosion. Thus recognized problems of erosion 
are found in such culturally diverse areas as south- 
ern China, the Indian plateau, south Australia, the 
South African native reserves, the H.S.S.R., Spain, 
southeastern and midwesiern United States, and 
Central America. 

Within the United States the most critical areas 
have been the hill 'lands of the Piedmont and the 
interior Southeast, the (»reat Plains, the Palouse 
area hills of the Pacific Northwest, southern Cali- 
fornia hills, and slope lands of the Midwest. The 
high-intensity rainstorms of the Southeast, and the 
cyclical droughts of the Plains have predisposed 
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the two larger areas to erosion. The light-textured 
A horizon formed under the Plains grass rover was 
particularly susceptible to wind removal, while the 
high clay content of many southeastern soils pre- 
disposed them to water movement. These natural 
susceptibilities were repeatedly brought into play 
by agricultural systems which stressed corn and 
cotton in the Southeast, corn in the Midwest, and 
intensive grazing and small grains on the Plains, 
Palouse, and California. The open soil surface left 
in the traditional cotton, corn, and tobacco cultiva- 
tion of the Southeast furnished almost ideal condi- 
tions for water erosion, and at the same time caused 
heavv nutrient depletion of soils thus cropped. The 
open fields of seasons between crops have also been 
susceptible to soil depletion. Open fields have been 
especially disastrous to maintenance of soil cover 
during the droughts of the Plains. Soil mismanage- 
ment thus has been a common practite in parts of 
the United States where the stability of soil cover 
hangb in delicate balance. 

Types of soil deterioration. .Soil may deteriorate 
either by physical movement of soil particles from 
a given site or bv depletion of the water-soluble 
elements in the soil which contribute to the nouiish- 
ment of crop plants, glasses, trees, and other eco- 
nomically usable vegetation. The physical move- 
ment generallv is referred to as erosion Wind, 
water, glacial ice, animals, and inan\ tools in use 
mav be agents of erosion For purposes of soil con- 
servation, the two most Important agents of ero- 
sion are wind and water, especially as their effects 
are intensified bv the disturbance of natural c over 
or soil position. Water erosion alwavs implies the 
movement of boil downgrade from its original site. 
Eroded sediments may be dcjiositcd i datively close 
to then original location, or thev mav be moved all 
the wav to a final resting place on the ocean floor. 
Wind erosion, on the other hand, may move sedi- 
ments in anv direction, depositing them quite with- 
out regard to surface configuration. Both pi oc esses, 
along with erosion hy glacial ice, are part of the 
normal physiographic (or geologic ) piocesses 
which are continuously acting upon the surface of 
the earth The action of both wind and water is 
vividly illustrated in the scenery of arid regions 
(Fig. 1). Soil conservation is not so much con- 
cerned with these normal proce^^ses as with the 
new forc*e given to them by man’s land use prac- 
tices. See Land usv pi anning. 

Depletion of soil nutrients obviously is a pari of 
soil erosion However, such depletion may take 
place in the absence of any noticeable amount of 
eiosion. The disappearance of naturally stored 
nitrogen, potash, phosphate, and some trace ele- 
ments from the soil also affects the usability of the 
soil for man’s purposes (see Plant, mineral nu- 
TRniON Oh ; Soil) The natural fertility of virgin 
soils always is depleted over time as cultivation 
continues, but the rate of depletion is highly de- 
pendent on management practices. 

Accelerated erosion may be induced by any land 
use practice which denudes the soil surface of vege- 



Fig. 1. Erosion of sandstone caused by strong wind 
and occasional hard rain in an arid region. (USDA) 



Fig. 2. Improper land use. Corn rows planted up and 
down the slope rather than on the contour. Note bef 
ter growth of plants in bottom (deeper) soil in fore 
ground as compared to stunted growth of plants on 
slope. (USDA) 

tative cover (Fig. 2). If the soil is to be moved bv 
water, it must be on a slope. The cultivation of a 
corn or a cotton field is a clear example of such a 
practice. Corn and cotton are row ciops; cultjva 
tion of any row c rop on a slope without soil con 
serving practices is an invitation to accelerated 
erosion. Cultivation of other crops, like the small 
grains, also may induce accelerated erosion, espe 
cially where fields are kept bare between crops to 
store moisture. Forest cutting, overgrazing, grading 
for highway use, urban land use, or preparation for 
other large scale engineering works also may 
the natural erosion of soil (Fig. 3) . 

Where and when the soil surface is denuded, the 
movement of soil particles may proceed through 
splash erosion, sheet erosion, rill erosion, gullying 
and wind movement (Fig, 4). Splash erosion is the 
minute displacement of surface particles caused 
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Fig 3 Rill erosion on highway fill The slopes hove 
been seeded (horizontal lines) with annual lespedeza 
to bind and stabilize soil (USDA) 


li\ llu impjit ol fdllin^; idin Sheet erosion is the 
iclual downslo|ie migration of suifdie particles 
pditlv with tilt did ol spldsh hut not in dny defined 
nil Ol channel Kills ait tiny channels formed 
wheie small amounts of wdtei concentrate in flow 
( ullies die V shaped oi V shaptd rhanneU of vary 
ing dt plhs and sizes A gully is foimed wht rt water 
concentrates in a iivulet or larger stream during 
pc nods of stoim It may he linear or dendritic 
(hrahched) in pattern and with the right slope and 
soil conditions mav reach depths of SO ft or more 
(fiillving IS tht most serious foim of water erosion 
because of the sharp physical change it causes in 
the contour of the land and because of its nearly 
complete removal of the soil cover m all horizons 
On the edges of the more permanent stream chan 
ncls bank erosion is anothei form of soil move 
meiit , * 

Causes of soil mismanagement. One of the chief 

causes of erosion inducing agricultural practices in 
the United States has been ignoranc e of their c onse 
queue es The cultivation methods of the settlers of 
western European stoc k who set the patlein of land 
use in this country came from a physical environ; 
nient whic h was far less susceptible to erosion than 
'Vorth Americ a because of the mild nature of rain- 
''torms and the prevailing soil textures in Europe 
Corn cotton, and tobacco moreover, were crops un- 
lainiliar to European agriculture In later years the 
plains environment, with its alternation of drought 
*^nd plentiful moisture, was also an unfamiliar one 
to settlers from western Europe 
Conservational methods of land use were slow to 
tlfvelop and mismanagement was tolerated because 


of the abundance of land in the eighteenth and 
nineteenth centuries One of the cheapest methods 
of obtaining soil nutrients for crops was to move 
on to anc»ther farm or to another region Until the 
twentieth century, land in the United States was 
cheap, and for a peiiod it could be obtained by 
merely giving assurance of settlement and cultiva- 
tion With low capital investments, many farmers 
had little stimulus to look upon their land as a ve 
hide for permanent produc tion Following the Civil 
War tenant cultivators and sharecroppers pre 
sented another type of situation in the Southeast 
where stimulus toward conservational soil manage 
ment was lacking Management of millions of acres 
of Southeastern farm land was left in the hands of 
me n who hud no sec iiritv in their oc c iipanc y who 
often were illiterate, and whose term** of tenancy 
and meagei training fore ed them to c one entrate on 
corn cotton and tohac c o as crops 

On the Plains and in other susceptihle western 
areas, small grain monoculture, particularly of 
wheat encouraged the exposure of the' line ovei ed 
soil surface so much of the time that water and 
wind inevitabK took their toll (Fig S) On range 
lands the high peiientage of public range (for 
whose management little individual responsibility 
could he lelt) lack of knowledge as to the precipi 



Fig 4 Two most serious types of erosion (a) Sheet 
erosion os a result of downhill stroight-row cultivation 
Note onions washed completely out of ground ib) 
Gully erosion destroying rich form land and threaten- 
ing highway (USDA) 
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Fig. 5. Wind erosion. Accumulation of topsoil blown from bare field on right. (USDA) 


tation cycle and range capacity, and the urge to 
maximize profits every year contributed to a slower, 
but equally sure denudation of cover. 

Finally, the United Slates has experienced exten- 
sive erosion in mountain areas be(*ause of forest 
mismanagement (see Forkst conskrvation). 
Clearcutting of steep slopes, forest burning for 
grazing purposes, inadequate fire protection, and 
shifting cultivation of forest lands have allowed 
vast quantities of soil to wash out of the slot)e sites 
where they could have produced timber and other 
forest values indefinitely. In the United States the 
eastern Appalachian area and the southern part of 
California have suffered severely in this respect, 
but all hill or mountain forest areas, except the 
Pacific Northwest, have had such losses. 

Economic and social consequences. Where the 
geographical incidence of soil erosion has been ex- 
tensive, the damages have been of the deepest so- 
cial consequence. Advanced stages of erosion may 
remove all soil and therefore all capacity for pro- 
duction. More frequently it removes the most pro- 
ducrlive layers of the soil — those having the highest 
capacity for retention of moisture, the highest soil 
nutrient content, and the most ready response to 
artificial fertilization. Where gullying or dune for- 
mation takes place, erosion may make cultivation 
physically difficult or impossible. Thus, depending 
on extent, accelerated erosion may affect produc- 
tivity over a wide area. At its worst, it may cause 
the total disappearance of productivity, as on the 
now bare limestone slopes of many Mediterranean 
mountains. At the other extreme may be the slight 
depression of crop yields which may follow the 
progress of sheet erosion over short periods. In the 
case of forest soil losses, except where the entire 
soil cover disappears, *he effects may not be felt for 
decades, corresponding to the growth cycle of given 
tree species. Agriculturally, however, losses are apt 
to be felt within a matter of a few years. 

Moderate to slight erosion cannot be regarded as 
having serious social consequences, except over 
many decades. As an income depressant, however, 


it does prevent a community from reaching full 
productive potentiality. More severe erosion has 
led to very damaging social dislocation. For those 
who choose to remain in an eroding area or who do 
not have the capacity to move, or for whom migra- 
tion may be politically impossible, the course of 
events is fateful. Declining income leads to less 
means to cope with farming tjroblems, to poor 
nutrition and poor health, and finally to family 
existence at the subsi.stence level. Communities 
made up of a high proportion of such families do 
not have the parity to support public services, 
even elementary education. Unless the cycle is 
broken by outside financial and technical assist- 
ance or by the discovery of other resources, the end 
IS a subsistence community whose numbers decline 
as the capacity of the land is further reduced under 
the impact of subsistence cultivation. This has been 
illustrated in the hill and mountain lands of south- 
eastern United Slates, in Italy, (ireece, Paleslin(‘, 
China, and elsewhere for many millions of peasant 
people. Illiteracy, short life spans, nutritional and 
other disease prevalence, poor communications, and 
isolation fiom the rest of the world have been the 
marks of such communities. Where they are politi- 
cally related to weak national governments, indefi- 
nite stagnation and decline may be forecast. Where 
they are part of a vigorous political system, their 
rehabilitation can be accomplished only through 
extensive investment contributed by the nation at 
large. In the absence of rehabilitation, these com- 
munities may constitute a continued financial drain 
on the nation for social services such as education, 
public health, roads, and other public needs. 

Effects on other resources. Accelerated erosion 
may have consequences which reach far beyond the 
lands on which the erosion takes place and the com- 
munity associated with them. During period-s of 
heavy wind erosion, for example, the diistfall O'*)' 
be of economic importance over a wide area beyond 
that from which the soil cover has been removed. 
The most pervasive and widespread ellecjts, hov- 
ever, are those associated with water erosion. 
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moval of upstream cover changes the regimen of 
streams below the eroding area. Low flows are 
likely to be lower and their period longer where 
upper watersheds are denuded than where normal 
vegetative cover exists. Whereas flood crests are 
not necessarily higher in eroding areas, damages 
may be heightened in the valleys below eroding 
watersheds because of the increased deposition of 
sediment of different sizes, the rapid lifting of chan- 
nels above flood plains, and the choking of irriga- 
tion canals. 

A long chain of other effects also ensues. Because 
of the extremes of low water in denuded areas 
during dry seasons, water transportation is made 
diHiciilr or impossible without regulation, fish and 
wildlife support is endangered or disappears, the 
rapacity of streams to carry sewage and other 
wastes safely may be seriouslv reduced, recrea- 
tional values are destroyed, and run-of-the-river 
hvdroelectric generation i caches a very low level. 
Artificial storage becomes necessary to derive the 
services from water which are economically pos- 
silile and needed. But even the possibilities of stor- 
age eventiidlK may disappear when erosion of up- 
per wdtei sheds continues. Reservoirs may be filled 
wjlb the moving sediment and lose their capacity to 
lediK e flood crests, store flood wateis, and augment 
low flows For this reason plans for permanent 
i\atei regulation in a given river basin must always 
indude watershed tieatment where eroding lands 
aie m evidence .See Wati-r ( onsfrvaiion. 

Conservation measures and technology. Meas- 
ures of soil management designed to reduce the 
efftuts of accelerated erosion have been known in 
both the western world and in the Far East since 
long before the time of Christ. The value of foiests 
fnr watershed protection was known in China at 
least 10 centuries ago. The most important of the 
an» lent measures on agricultural lands was terrace 
(onstiuction. although actual physical restoration 
of soil to oiiginal sites also has been practiced Ter- 
race ( onstriiction in the Mediterranean loiintiieh, 
in China, Japan, and the Philippines represents the 
most impressive remaking of the face of the earth 
before the days of modern earth-moving equipment 
(Fig. 6). Certain land management piactiees which 
were soil conserving have been a part of western 
Kuropean agriculture for centuries, principally 
lh(se centeiing on livestock husbandry and crop 
r<»tation. Conservational management of the soil 
was known in colonial Virginia and by Thomas 
leffeison and others during the early years of the 
United States. However, it is principally since 1920 
that the technique of soil conservation has been 
developed for many types of environment in terms 
»f an integrated approach. The measures include 
farm, range, and forest management practices, and 
(he building of engineered structures on land and 
111 stream channels. 

range* and forest. A first and most im- 
P^>rlant step in conservational management is the 
dptermination of land capability — ^the type of land 
and economic production to which a plot is 



Fig. 6. The Ifugoo rice terraces, Philippines. (Pfii/ip- 
pine Embassy, Washington, D,C,) 


suited by slope, soil type, drainage, precipitation, 
wind cxposuie, and other natural attributes. The 
objective of such determination is to achieve per- 
manent productive use as neaily a<% possible The 
United States Soil Conservation Service has de- 
veloped one of the more easily understood and 
widely employed classifications for such determina- 
tion (Fig. 7). In it eight classes of land are recog- 
nized within United Slates territory. Four classes 
represent land suited to cultivation from the Class 
I flat or nearly flat land suited to unrestric tod culti- 
vation, to the steeper or eroded Class IV lands 
which can be cultivated only infrequently. Three 
additional classes are grazing or forestry land, with 
varying degrees of restiiction on use. The eighth 
class is suited only to watershed, recreation, or 
wildlife support. The aim in the United States has 
been to map all lands from field study of their c*apa- 
bilities, and to ad fust land use to the indicated 
capability as it becomes economically possible foi 
the farm, range, or forest operator to put conserva- 
tional use into force 

Once the capability of land has been determined, 
specific measures of management come into play. 
For Class I land few special practices are neces- 
sary. After the natural soil nutrient minerals begin 
to decline under cultivation, the addition of organic 
or inorganic fertilizers becomes necessary. The re- 
turn of organic wastes, such as manure, to the soil 
is also required to maintain favorable texture and 
optimum moisture-holding capacity. Beyond these 
measures little need be added to the normal opera- 
tions of cultivation. 

On Class II, III, and IV lands, artificial fertiliza- 
tion will be required, but special measures of con- 
servational management must be added. The physi- 
cal conservation ideal is the maintenance of such 
land under cover for as much of the time as pos- 
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suitable for 
cultivation 

no cultivation — 

pasture, hoy, woodland and wildlife 

I requires good soil management practices only 

II moderate conservation practices necessory 

III intensive conservation practices necessary 

IV perennial vegetation— infrequent cultivation 

V no restric^ns in use 

VI moderote^estrictions in use 

VII severe restrictions in use 

VIII best suited for wildlife and recreation 


7 Land capability classes iUSDA) 


SI hie This can hi done where pasture and forage 
crops aie suited to the farm economy Howe\er, 
rontinuous cover often is neither economically de 
suable nor possible ConsecjiientK a \ariet> of 
devil es has been invented to minimi/e the ero- 
sional n suits from tillage and small grain or row 
ciop growth ^here wind erosion is the danger, 
straw mule he s row or basin listing ma> be em 
plovcd and alternating strips of grass and open 
held crops planted fields m danger of water ero 
Sion arc plowed on the contour (not up and down 
slope ) 7he\ iiiav be terraced on the contour also 
and the ten aces stiip cropped with alternating 
cover and grain or row crops In the United States 
the hem h terrac e is now little used its place having 
been taken bv the broad base oi Mangiim terraee, 
and variations on it Design of eonservational ciilti 
vdtion also includes provision for grass-covered 
waterways to collect drainage from terraces and 
cdirv It into stream Muirses without erosion Where 
suitable conditions of slope and soil permeability 
are found di *llow retention structures may also be 
constructed to promote water infiltration These 
are of spec lal value where insufficient soil moisture 
IS a nrccblem at times Additional moisture always 
( nc oiirages more vigorous c over growth 


The measuies )ust described may be considered 
preventive There are also measures of rehabilita 
tion where fields alread\ have suffered from erosion 
and offer possibilities of restoration ( Trading with 
mechanical equipment and the constiiic tion of 
small check dams across former gullies are exam 
pies 

For the remaining four classes of land whose 
princ ipal uses depend on the continuous mainte 
nance of c over, management is more important than 
physical conditioning In some cases, however 
water retention striic tines check dams, and other 
physic al devK es for retarding erosion mav be ap 
plied on forest and range lands In the United 
Slates such structures are not often found in forest 
lands, although they have been commonly employed 
in lapanese forests In forestry the eonservational 
management objective is one of maximum prodiir 
tiori of wood and other services while maintaining 
continuous soil cover The same is true for grass 
and other forage plants on managed grazing land*- 
For range lands, adjustment of use is particularly 
difficult because grazing must be tolerated 
the extent that the range plants still retain sum 
eient vitality to withstand a period of drought 
which may arrive at any time 
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A last set of erosion-control measures is di- 
rected toward minimizing stream bank erosion 
which may be large over the length of a long 
stream. This may be done through revetments, re- 
taining walls, and jetties, wbicb slow down current 
undercutting banks and bold sand and silt in which 
soil-binding willows, kudzii, and other vegetation 
may become established. Sediment detention reser- 
voirs also reduce the erosive power of the current, 
and catchment basins or flood control storage help 
reduce high flows (Fig. 8). 

Conservation agencies and programs. Whereas 
excellent soil-conserving soil management was 
maintained for generations by some farmers and 
farm groups, as in Lancaster County. Pennsylvania, 
a major amount of the soil conservation activities 
in the United Slates is derived from Federal gov- 
ernment assistance. The Soil Conservation Service 
of the USDA has been a focal agency in spreading 
knowledge of soil conservation in farm and range 
land management and aiding in its application. In 
practice, the local administration of a soil conserv- 
ing program is within a Soil Conservation District. 
wlii<'h usually is coincident with a county, and is 
organized under state law. The district is the liai- 
scm unit between the funner and public assi.stance 
agencies at the state and Federal levels. It is man- 
aged by a hoard or commitif'e, generally composed 
of five members, and usually elected by farmers 
within the district. Ollier local public bodies which 
may have soil conservation objectives include con- 
servancy districts, wind-erosion districts, drainage 
or irrigation districts. Agric'ultiiral Stabilization 
and Ciuiservation Service County Committees, and 
Farmers' Home Administration County Omiinit- 
tees. In addition there are private groups with con- 
MTvalional interests, siirh as the farmers* roopera- 
lives and national farm organizations like the Farm 
Bureau Federation. 

The local districts may be aided technically and 
finan(;ially in their program. Much of the financial 
aid stems from Federal .sources, and theoretically 
it is on a matching fund basis. In actual practice. 



^i9* 8. Straam bonk arosion control. Construction of o 
conservotion pool which will help reduce flooding, 
retard downstream erosion, ond store woter. (USDA) 


however, a major part of the expenditures for spe- 
cial soil conserving programs is from Federal 
funds. Technical aid is provided throughout the 
nation by the Soil Conservation Service, and also by 
the U.S. Forest Service for its special fields of for- 
estry and grazing-land management. Technical aid 
also has been provided by the Agricultural Exten- 
sion Services and the Land Grant Colleges of the 
several states. The Tennessee Valley Authority has 
maintained a program of its own design, with the 
cooperation of the colleges and the Extension Serv- 
ices. The Soil and Moisture Conservation Opera- 
tions Office of the Indian Service, U.S. Department 
of the Interior, likewise has conducted a program 
limited to specific Indian lands. 

Financial assistance for soil con.servation meas- 
ures has been provided by the Federal government 
through the Soil Conservation Service, the Agricul- 
tural Stabilization and Con.servation Service, the 
TV A, and the Farmers' Home Administration. As- 
sistance has been particularly in the form of loans 
from the FHA, in low-cost fertilizer from the TVA, 
and as direct cash outlay from other agencies. Over 
the years, the program of the Agricultural Stabili- 
zation and Conservation Service has been the larg- 
est single source of financial aid for these purpo.ses. 

In addition to technical and financial aid, the 
farmers or other land operators of the United States 
are given valuable indirect assistance through the 
many research programs, basic and applied, which 
treat the fields related to soil conservation. The 
work of the Agricultural Research Service, of the 
Soil Conservation Service, of the Tennessee Valley 
Authority, and of the Land Grant Colleges has been 
€!specially helpful. Through these works new soil 
conserving plants, new fertilizers, improved means 
of physical control, and new methods of manage- 
ment have been developed. Through them soil con- 
servation has not only become important but also 
an increasingly efficient public activity in the United 
States. See Agriculture; Forest and forestry; 
Range land conservation. fK.A.A.'] 

Bibliography i See Conservation of resources. 

Soil mechanics 

The application of the laws of solid and fluid me- 
chanics to soils and similar granular materials as a 
basis for design, construction, and maintenance of 
stable foundations and earth structures. Soil nte- 
chanics differs from other applications of me- 
chanics to engineering, such as the design of con- 
crete and steel structures, in that soil and similar 
materials have a much wider range of mechanical 
and other physical properties than concrete and 
steel. In addition, soil materials are usually present 
in layers and strata that vary widely in composition 
and physical character. 

Soil mechanics as an applied science has a rela- 
tively small system of legitimate theory and a large 
and important methodology concerned with soil ex- 
ploring, sampling, and testing. It also makes use of 
information from other fields such as geology and 
soil science. 
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Soil mechanics will always be an important part 
of soil engineering. However, the tools of soil engi- 
neering are no longer predominantly the principles 
of solid and fluid mechanics but to an ever-increas- 
ing extent those of other subdivisions of physics^ 
such as thermodynamics, electricity and magnet- 
ism, acoustics, optics, and chemical, atomic, and 
nuclear physics. This is true also in the present 
development of soil exploration and testing tech- 
niques and in endeavors to improve soil properties. 

S<iil, in the engineering sense, comprises all ac- 
cuinulations of solid particles in the earth mantle 
that are loose enough to be moved with spade or 
sho\el. Soils range from deep-lying geologic de- 
posits to agiKultiiral surface soils. Soil mechanics 
is also applicable to similar granular assemblies of 
artificial origin, such as fills of mineral waste ma- 
teiials 

SOIL TYPES AND COMPOSITION 

Soils vary widely in composition and physical 
properties. At one extreme are the* inert, granular, 
cohesionless sands and gravels: at the other are 
<‘lav soils of great water aftinitv and well developed 
cohesion in the metist and dry state According to 
the ease oi difficulty of working them, rather than 
theii density, soils are called light when predomi- 
nantly granular and noncohesive and heavy when 
predominantly c layey and cohesive. 

Mineral origins of soils. The mineral composi- 
tion of gravels, stones, and boulders is essentially 
that c»f the patent rock from which they have been 
deiived, predommantlv bv mechanical weathering 
ac tion 

Sands are laigely quart/itic and siliceous in 
humid climates but may be any kind of mineral 
in diy climates or under special circumstanee^. 
The white sands of New Mexico consist of gypsum 
particles; coral and shell beach sands may have 
more than of calcium carbonate particles; 

the black sand of Yellowstone Park, Wyo., and 
some of ihe blue and purple beaches of the Pa- 
( ific c onsist of obsidian partic les. 

The sill panicles resemble quite closely the min- 
eials in the parent rock, with feldspars, micas, and 
quartz usually well represented In certain tropical 
soils, however, the silt and even larger particles 
may have been formed bv stable agglomeration of 
smallei-si/ed chemical rock decomposition prod- 
ucts. 

Clay panicles are submicroscopic, plate-shaped 
crystalline minerals that have been divided into 
three main groups: the kaolinite, the hydrous mica 
or lllite, and the montmorillonite group. The clays 
possess gieat affinity for water as a result of the 
large amount of surfac e per volume of particle and 
as a function of the number and kind of ad- 
sorbed cations that neutralize unbalanced elec- 
trical charges in the clay mineral structures. 

llie boulder, gravel, and sand fractions are 
called coarse-grained or granular; they may be 
considered as the bones, and the combined silt, 
clay, and water fractions as the meat of a soil. 


Depending on their size, composition, or granu- 
lometry, soils may have a continuous granular 
skeleton with the pores between the sand and 
gravel particles either empty or filled to various 
degrees with the silt-clay- water phase; they may 
possess a matrix of the latter in which the granu- 
lar materials are discontinuously dispersed, or they 
may consist entirely of silt components, day com- 
ponents, or both. The physical and mechanical 
properties of soils with sand and gravel skeletons 
are markedly different from those without. In prac 
tice, the limiting size between granular and non- 
graniilar (silt-clay) fractions is the opening of a 
200-mesh sieve (74 microns, /x). 

Types by deposition. Engineering soils include 
unconsolidated sediments transported to their pres- 
ent place by glaciers, water, and air; and soils 
formed at their present site by climatic and bio 
logic forces from solid igneous, sedimentary, or 
metamorphous rock or from loose sediments trans 
ported bv the above-named agents. The different 
agents have different carrying capacities and also 
affect the properties of their loads in different wav s 
It IS, therefore, important to recognize and name 
such soils in accordance with the means of their 
tiansportation 

Glacial soils have been transported by glaciers 
whose action ma\ be likened to giant hiilldozers 
that push all sorts of materials ahead with diop 
pings on the side and grinding underneath Spring 
melting of th^glacieis stops their forward move 
inent and peimits the settling out of fincl> ground 
matc^rial Thus, glacial soils ma\ vary in si/e com 
position from boulders to varved clays. Typical foi 
these soils is a disordered landscape, often with in 
hihited drainage and development of hogs and 
peat 

Aeolian soils range from sand dunes to loess 
deposits whose particles are predominantly of sill 
size. The valley loesses (Missouri, Mississippi. 
Rhine and others) are formed from glai icr-gronnd 
particles stirred up and dissipated by wind from 
the dry bottoms of glacier-draining rivers during 
the winter when the glacier supplies no water 

Fluvial soils are river deposits of relatively uni- 
form particle size within the range from gravel to 
clay. The size itself depends upon the speed of 
water flow at the specific location. 

Lacustrine soils are sediments formed on the 
bottom of lakes, and marine soils are sediments 
in ocean and other salt-water bodies. The salt con- 
tent of the latter often flocculates the fine sedi- 
ments and gives them a special type of structure. 
Because the carrying capacity of the respective 
agents varies with their speed, thus with weather 
and season, sedimentary deposits are usuallv strat- 
ified; that is, built up in layers of similarlv sized 
particles. 

Soils developed in place from either solid or 
loose rock parent material by the action of climate, 
plant growth, and animal life are usually shallow 
in temperate and cold regions. They are oi impor- 
tance mainly in the case of shallow foundations as 
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in highway and airport engineering In tropical re- 
gions, however, they may extend to considerable 
depth and acquire importance for deep founda 
tions The <^cienee of pedology is eoncerned with 
their formation and rhararteristn s 

Soil Stnicturo. Natural soil systems are churac 
rerized not only by the sizes and types of their 
component pai tides but aUe bv the ariangement 
of these partidcs in relation to each other for 
granulai, noncohesive soils the porosity or its 
supplement the portion of the total volume filled 
by the solid particles often suffices as an indicator 
of structure or packing In natural cla\ and silt 
soils typical seconduty stiuctures are foimed in 
uhich distiirbame can gicdtl\ liter their me c ham 
cal pioperties The striHtiire may be caused b\ 
and typical of floeeulatinn as in marine cla\s ot 
inav have beem developed by wetting and drving 
and freezing and thawing eyeles Sinee soils mav 
be emplo\cd in engmeeiing in the undisturbed 
partl\ disturbed oi gieatly disturbed eondition 
the existence oi soil structure must be taken into 
ic count For each specific purpose the soil must 
be tested in 1 ( onditic»n as close as possible to the 
one in whic li it is lo be used 

Particle size and weight. I he gramsi/e distn 
bution oi soils licking oi having negligible 
nnoiints oi turtle Its srnallei than 74 /i is delei 
mined bv div sitviiig ind that of materials with 


all particles smaller than 74 /c by sedimentation 
methods The lattei aie based on Stokes’ law for 
the rate of fall in a viscous medium of lesser 
density 

i — AC (P 1800/1 cm/sec 
and rf = ViaOO m7AC~f( 

in which AO = difference in specific gravity be- 
tween particle and viscous medium g =» accelera 
tion of gravity, d - diameter of particle in mm 
n viscosity of medium in poises and i = rate 
of fall in cm sec Practical methods utilize the 
decrease of suspended particles with time at a 
definite distanc e from the siirfac e of a soil in water 
suspension I his decrease is usually calculated 
from hydiunieter measurements of the density of 
the suspension Foi soils having both coarse and 
fine constituents sieving (both dry and wet) is 
combined with sedimentation analvsis 

At least four different sieve sizes an used with 
openings of 4760 2000 420 and 74 », respec 
tivcl> For spec I he pin posts other sieves are used 
to advantage The results of mc'chanical analysis 
are best picscntcd in the foim of a grain si/e ac 
ciimulution curve (Fig 1) Ilie naming of soils in 
1 C c ordaiic e with iheir textuie is shown in f ig 2 
Dcteimination of the specific giavity of soil par 
tic les IS necessary foi the sedimentation analysis 
and also for calculating (ftom the weight pei unit 
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^'9 1 Gram-size accumulation curves, plotted on 
semilogarithmic paper Coarser fractions Heft) meas 
ured by sieving, finer fractions {right) determined by 
^dimentation Two of several systems of classification 
by gram size are shown at top of illustration Curves 
^ and 2, clay soils of the Nile Delta, 3 and 4, silts 


from the Nile Delta, 5, Port Said beach sand, 6, sond 
artificially graded for maximum density, 7, Vicksburg 
loess, 8, New Mexico adobe brick, 9, Daytona Beoch 
sand, 10, Wyoming bentonite {From G P Tsehobotarh 
off. Soil Mechanics, Foundations and Earth Structures, 
McGraw-Hiit, 1951) 
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Fig. 2. Textural soil classification chart. Nomenclature 
of soil is determined by percentages of sand, cloy, ond 
silt contained. The 10 numbered soils refer to those in 
Fig. 1. (From G. P Tschebotarioff, Soil Mechanics, 
Foundations and Earth Structures, McGraw-Hill, 1951) 

volume and the moisture content) the artiial vol- 
ume relationships in the soil which are important 
for its mechanical strength properties. The ratio 
of the volume of water- and air-filled voids to 
the volume of solids in the sample is culled the 
voids ratio e. Because of the variability of water 
content of soils, their unit weight is usually given 
in Ib/ft^ of dry soil. 

Engineering soil classifications. Soils have been 
classified for engineering purposes bv several pub- 
lic agencies and individuals. The most widely used 
system at the present time is the so-called unified 
classification of the IJ.S. Bureau of Rei Umation. 
While the different s> stems vary in details and 
nomenclature, the physical classification tirinci- 
ples are essentially the same. The first division is 
made between soils that contain a coarse granular 
skeleton of gravel, sand, or both and those without 
silt h a skeleton, the silt-clay soils. The coarse 
granular materials are then subdivided into gravel 
and sand soils, which are further differentiated by 
the degree of water affinity of silt-clay material 
found in the intergranular spaces. The silt clay 
soils which may or may not contain separate oc- 
cluded coarse particles are subdivided into groups 
that differ In water affinity, plasticity, and swelling 
and shrinkage characteristics. A separate class of 
boulders and cobbles mav be added to the coarse 
granular category and one of fibrous organic soil 
(peat) of great compressibility to the fine-grained 
category. The physical distinctions underlying en- 
gineering soil classifications entrain definite dif- 
ferences in other important physical properties, 
such as mechanical sttength, elasticity, compressi- 
bility, shear and flow behavior, and permeability. 
The classification of a soil thus may serve to indi- 
cate its suitability for various engineering uses. 

Soil-water relationships. Relationships between 
soil and water are of primary importance in soil 
mechanics. Tlieir understanding and utilization 
presupposes a thorough knowledge of the proper- 


ties of the water substance and of the physical and 
physicochemical characteristics of the surfaces of 
the soil minerals. Water is a peculiar substance. 
According to its molecular weight, it should be a 
gas at room temperature, but it is a liquid. Even as 
a liquid, it possesses structural properties com- 
monly associated with solids and provable by 
means of x-rays. Its peculiarities, which are the 
consequences of the geometric-electric structure 
of the H^O molecule, assert themselves also in its 
Interactions with any type of surface. 

Hygrosropir water. Dry soil minerals adsorb wa- 
ter from the atmosphere; the actual amounts de- 
pend on the physicc»chemical character of the 
surfaces and increase with rifling relative humidity. 
The amount adsorbed is called hygroscopic water: 
it is usually measuied at loom temperature and 
expressed in per cent of the dry soil weight. Very 
small amounts of walei may be in solid solution 
within the surfac'e of the minerals. Additional in 
crements build up water films whose consislenc\ 
may range from solid near the particle, through 
plastic, to that of normal water at a certain dis- 
tance fiom the particle surface. A plastic water 
film 10 ® cm thick mav not even equalize the 
roughness of a sand or graved particle, but if it is 
around a plate-shaped clay minetal 10 cm thick, 
the water film represents more than 20^ f o^thc 
total clay-water volume. Therefore, the smaller the 
soil minerals, the more important are their water 
affinity and its consequences, such as swelling and 
shrinkage. ^ 

Gravitational and capillary water. In addition to 
this phvsicof hemic all V restrained watei, there mav 
be free watei in the soil pores, which is called 
gravitational water if it moves freely iindei the 
force of gravity, or capillary water if it is con 
trolled by the forces of capillarity. The height at 
which capillary water can exist above the ground- 
water level depends on the effective pore radius 
The water affinity and the capillarity of clay and 
silt soils cause the entrance of water in either the 
liquid or vapor phase and also affc'ct the ease with 
which water moves through a soil, or the diffi- 
culty of its removal. 

SHEAR AND PLASTICITY 

Shear in soils. Soils are composed of many 
separate particles of great range in size and shape. 
The particles may or may not be held together by 
water films or by a clay-water cement. Analogous 
systems arc encountered in the molecular world. 
Systems composed of a single kind of molecule or 
atom have, at constant pressure, definite tempera- 
tures of transition from the solid to the liquid 
slate. This transition generally involves an expan- 
sion, that is, an increase in the interparticle spac- 
ing, which represents the only real difference 
between the solid and the liquid phases at the 
melting point. 

Introduction of molecules of different size and 
character into a pure substance lowers the melting 
point; also, the mixture will soften over a range 
of temperature instead of-melting sharply at a sin- 







Soil mochonict 453 


gle temperature. In multicomponent materials, such 
as asphalts and pitches, a wide softening and liq* 
uefaction range replaces a definite melting point. 
The same phenomenon occurs in macroparticle 
systems such as soils. Densely packed gravels and 
sands are macromeritic (large-particle) solids. If 
submitted to shear stresses, they must expand in 
the shear zone to voids ratios characteristic of the 
molten state, in order that shear may take place 
without breaking of the individual particles. At 
voids ratios above the critical (melting range) ra- 
tio. gravel and sand soils can be **liqiiefied** by 
vibration that reduces interparticle friction or, if 
sheared, they may collapse to the critical voids ratio. 

In granular noncohesive soils, the shear resist- 
ance obeys the equation S - N tan ^ in which 
5 shear resistance in psi, N = effective normal 
(tressure on the shear plane in psi, and tan 9 
locfficient of friction, or tangent of angle of fric- 
tion related to angle of repose of a pile of the 
granular material. If the soil possesses a granular 
skeleton bonded together by moist or dry clav, 
the shear resistance can be approximated by S = 
C -I V tan (p in which C denotes the cohesion <if the 
NV'-tem in psi. The numeri(*al value of C depends 
on the amount, type, and water content of the 
I lav binder, its physicochemical interaction with 
the coarse particles, and the history of the system. 
In soils without granular .skeleton. S’ approaches C. 

Plasticity. The property of plasli<*ity is pos- 
sessed by many crystalline solids within a ceitain 
leiupeiatiire lange below and adjoining the melting 
point. 

Conditions for plasticity. Plasticity denotes the 
dhilitv of a body to deform permanently without 
rupture under applied stresses. This presupposes 
that during deformation (1) no marked expansion 
lakes place in the shearing zones which would 
alter the cohesive forces; (2) the particulate com- 
ponents (molecules, atoms, micro- and macropar- 
Ijcles) are in similar geometric arrangement after 
as before deformation: and (3) the rate of de- 
foirnation and of breaking existing bonds does not 
exceed that of forming new b<»nds between atoms 
01 molecules. Even in pla.stic bodies, verv rapid 
deformation produces brittle fracture. In solid ervs- 
lals, these requirements are best fulfilled j# their 
l)uilding units are arranged with the highest de- 
gree of symmetry, as is the case with many metals. 
In macroparticle systems such as soils, the require- 
ments for plasticity are essentially the same. Large 
masses of relatively uniform sands and gravels may 
deform plastically at a slow rate and without changi; 
m \oids ratio. 

Small soil masses, and especially laboratory sam- 
ples. show plasticity only if they are moist and co- 
hesi\e. If 80, the reforming of bonds broken during 
deformation of the mass and the reestablishment 
<d the original symmetry of the bonding elements 
iKTtain essentially to the molecules in the water 
films around the particles. These water films play 
^he same role in soils (increasing the distances be- 
tween gliding planes and decreasing cohesion) as 
elevated temperature does in crystalline solids. Be- 


cause plasticity increases with increasing total area 
of gliding planes per unit volume, the greatest 
plasticity is possessed by moist systems of pure 
clays of smallest particle size and greatest force 
of interparticle attraction. Admixture of coarser- 
grained material to clay interferes with the normal 
development of gliding planes and “shortens” the 
soil to an extent that depends on the amount, type, 
and size distribution of the coarser components. 

Consistency limits. The term consistency is pref- 
erentially employed for mechanical resistance prop- 
erties in the twilight zone between true elastic solid 
and simple liquid behavior. Since several physical 
phenomena are usually involved in consistency, this 
property is normally defined by the use of specific 
apparatus and standardized procedure. Typical are 
the slump test for fresh concrete, the penetration 
test for asphalt, and the consistency limits tests for 
soils. The last indicate what water content (per 
cent of dry weight of soil) will bring soils to states 
of analogous consistency. The liquid limit is the 
water content at the transition between the plastic 
and the liquid state, the plastic limit the water 
content at the solid-plastic transition, and the 
shrinkage limit the moisture content that will just 
fill the soil pores in the solid state if that state is 
reached by the drying out of a soil paste. The differ- 
ence between the liquid and plastic limits is the 
plasticity index. It indicates the moisture range in 
which a soil shows plastic behavior. These consist- 
ency indices are valuable tools if properly under- 
stood, but they do not as such make it possible to 
predict under what circumstances large soil systems 
will show rupture, plastic flow, or creep. This 
depends on complex factors of granulometry ; 
amount, type, and water content of soil fines; and 
stress conditions. Analogous factors govern the be- 
havior of all building materials. 

STUDY OF SEEPAGE AND FROST 

Seepage. Water movement in soils is normally 
caused by hydraulic pressure or tension gradients. 
This flow is ordinarily viscous or laminar rather 
than turbulent. Darcy's law is fundamental: 
V = Akit^ where V = volume of water flowing in 
time t through soil with a cross section A and 
where pressure gradient i = (pressure drop 

per unit length of flow) and k - coefficient of 
permeability. The permeability coefficient varies 
from 100 cm/sec for clean gravel to ICh** cm/sec 
for heavy clay. 

Since water possesses an electric structure that 
interacts with the electrically charged soil miner- 
als, it also moves in soil capillaiies upon applica- 
tion of electric potentials. In this case, k of the 
Darcy equation is replaced by the electroosmotic 
transmission coefficient, and i by the electric poten- 
tial gradient. Since the electric soil-mineral surface 
interaction structure is temperature-susceptible, 
water also moves in dense clay soils upon applica- 
tion of a thermal gradient with coefficient of 
thermoosmosis kth» In unsaturated soils of high po- 
rosity, thermal gradients also cause water move- 
ment in the vapor phase. 
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Measurement of permeability The coeflicient of 
permeability may be detei mined either in the lab- 
orator\ on distuibed or undisturbed «*amples b\ 
means of the ( onstant oi ialling head permeameters 
oi in the field by pumping oi injection tests In the 
constant head peimeameter used for materials of 
high permeability, water maintained at a constant 
level flows through a soil sample Peimeahilitv is 
f omputed from the rate of flow in the falling head 
permeameter, used foi mateiials of low permeabil 
itv^ the permeating water is supp1ic*d bv means of a 
standpipe in which the hydiaulic head falls from 
hi to A duiing the tune / while the water \oliime 
a(h\ — h ) fl(»ws thioiigh a muI specimen of thick 
ness / (figs land 4) Then 


A- 





fit 

h 



Fig 3 Constant head permeameter Water level (1) is 
kept constant Water percolates through soil sample 
(2) of thickness / Porous filters (3) hold soil in place 
Tail water level is kept constant by overflow (4) Vol 
ume of discharge is measured in receiving vessel (5) 
(From G P Tschebotanoff, Soil Mechanics, Founda 
hons and Earth Structures, McGrow Hi//, 1951) 



Fig 4 Falling head permeameter Water level hj in 
a thin glass tube (1) decreases to Aj as water perco- 
lates through soil sample (2) of thickness L, restrained 
between porous filters (3) (From G P Tschebotanoff, 
Soil Mechanics, Foundations and Earth Structures, 
McGraw-Hill, 1951) 



Fig 5 Flow net under the cutoff wall of a dam (From 
D P Krynine, Soil Mechanics 2d ed , McGraw Hill, 
1947) 


III calculating A lioni pumping and inic'ction 
tests in tin field sphciical svmnntTv is issunn d iii 
tin pressure dish iImiIiou around tin well (loiiit ot 
tin iiifCHtion nozzle Moving w itc i tiansnnts ino 
nnntiiin to tlu^ contacting soil particles fi m non 
cohesive snils ilie flow is upward and tin livdro 
static uplift is suflic le nt to siist iin the we ight of the 
individual seui paiticics a cpiic k condition results 
1 he* iiiiniinuin hvdr uiiu giadic nt / to c nisi cfiiic k 
c onclitiori c an he e stmiatc cl from 


6 I 



wheMc* 6 - specific giavitv uid e - ihe voids iitin 

P/oH nits Ihe studv ofscepigc thioiigh natiii il 
and man made soil stme tines is greativ lacilitalecl 
bv the lisp of flow nets Flitsp art two nests of 
c iirve*s one re tire se ntirig the flow line s and the olliti 
the e cpiipott iitial line s In ac c old irn t with the laws 
of larninir flow flow lines which follow tlie |iath 
of the water may not interspc I eai h other and the 
c fiiipotcntial lines each connecting points of ccpiil 
hvdr mile head must cross the flow lines at right 
angles While an infinite number of flow line'^ 
exists only a few are* diawn and in such a manner 
that the cfuantities of flow between adiactnl lines 
are ee]ual Then the ecpiipotential lines arc di iwn 
so that they intersect the flow lines at right angle'* 
and form areas that resemble squares as closely as 
possible (Fig S) 

\ conventional flow net has the following propel 
ties fl ) all paths each of which lies between two 
adiaeent flow lines carry the same seepage cpianti 
ties, (2) potential differences are the same be 
tween all adiaeent eqinpotential lines, (1) floiv 
lines intersect ecpiipotential lines at right anglt**' 
(4) dll figures formed bv adiaeent pairs of lints 
resemble scfiiares as c losely as possible if the soil 
IS homogeneous, and (5) at any point of the 
net, the sparing of ecpiipotential lines is inversely 
proportional to the hydraulic gradient and the spac 
ing ot flow lines inversely proportional to the 
seepage velotity For the drawing of flow nets 
the boundary conditions must be known. Two-di 
inensional presentation is of c oiirse applic ablf onb 
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if the profile remains the same in the third dimen- 
sion. From a satisfactory flow net, the seepage can 
be calculated using 

Q^"^kh, 

nd 

where Q ■= quantity of seepage in ft , set per lineai 
foot of the length of the structure, nt = number 
of flow paths, and rid = number of spaces between 
equipotential lines in the net, k =• coefficient of 
permeabilit\ in ft /sec and A, = head loss in ft be- 
tween surfaces of the head and tail waters. Methods 
are available to correct for diffeiernes in peiinea- 
bilitv in dilTeient direc tions. Seeimge in romplic ated 
structures is studied on models eniploving, insiead 
of watet, ele<*tric or other energ\ forms whose 
transmission obeys the same mathemath ul laws 
expressed in the Laplace equations foi coniugate 
functions. 

Frost action in soils. Ftost action is of great 
engineering irnpoitance. The foneful expansion of 
confined w.ittT w^hen it fiee/es can destroy porous 
building materials and loosen soil. Of greater im- 
portance IS the accumulation of water in the loim 
of ice lenses, with resulting frost lieaxe in winter 
and men ass formation during thawing 

\ fiee/ing front penetrating into moist soil 
starts onl\ a limited numher of c rvstalli/ation coll- 
iers Water moves to these from the surrounding 
soil, espec iall\ fiom lower depths. \s it fiee/es. it 
gives off about 80 cal^g of water. If the heat te- 
IcMsed 1>\ the fiee/ing water ]nst lialaiues ibe heat 
lost bv (onduction to the earth surface, the freezing 
front hec oiiies stationary and forms thic k ic e lenses, 
espec iallv if the ground-water level or ether watet 
reservoir is close b\. Without suc'h close suptilv of 
free water, the frost ma\ advance iiiilil a new 
moist laver is encoiinlered Here nuclei and ic# 
formation begin anew 

Daily and other short- period teinpeiatiire varia- 
tions make the larger lenses grow at the exfiense 
of the smaller. In large areas of Siberia and also 
in Canada and Alaska, permanently frozen soil 
(permafrost) is encountered at depths that depend 
on the climate and the thermal conductivitv of 
the surface soil. This frozen ground prevents the 
drainage of water from spring thawing. Stwietiires 
founded on peimanently frozen soil must be sepa- 
rated from it bv insulating materials. Some of the 
permafrost is not in equilibiium with the present 
climate and if onee melted would not be reformed. 
.Sec Permafrost. 

EXPLORATION, SAMPLING, AND TESTING 

The extent to which field testing is necessary de- 
pends on the type, magnitude, and importanee of 
the job. Before a sampling and testing program is 
started, all readily available information should be 
utilized. Such information may be in the form of 
eonstniction experience records in the same gen- 
eral location; air photos on which recognizable 
erosion and vegetation features indicate the types 
of surface and Rubsurfare soil to be encountered. 


as oil a proposed highway route; geological maps 
that shc»w the profiles of nolid and loose rcN*k and 
serve as leminders of troubles usually associated 
with c*ertaiii lock types, as sink holes are with lime- 
stone; and pedologic matis, whic'h are I'specially 
useful in highway soil work. Valuable information 
is often obtained fioiii old maps which show soil 
and drainage patteins that have been c’overed up 
ill urban or industrial developments. 

Site investigations. These aie made either to 
find out whelhei the soil in its natural site cemdi- 
tion will support the planned struc’tuie or to estab- 
lish the qualities of soils as construction materials 
for dams, emhankmcmls. suhgiades, and other uses. 
For the first case the natural site condition and 
the samples taken for laboratory testing must he 
disturbed as little as possible. For the second case, 
distill hcxl samples are useful, hut thev should not 
he peimiltcMl to drv out before being tested. 

For explc»ratic>n of i (datively large sites or ex- 
tended strips, such as airports and liighwavs, elec - 
ftical and mechanical energy transrAission phe 
nomena may lie employed. The electric method 
furnishes inf<»rmation on the electric resistivitv of 
the soil at various depths. Previous determination 
of relationships hcMween soil type, water content, 
salimtv, and cIcm Irie resistivitv permits the plotting 
of a soil profile and the dtqef*tioii of strata of spe- 
c ific materials 

Merhanic'al energy is cMiiployed in seismic* and 
vibration tests. These tests utilize the leflec'tion 
and lefiuction of cMitli waves at intei faces of dif 
ferent strata and the variation of their speeds of 
propagation with the eharaeder of the conduc'ting 
medium. The seismic velocitv of c onipiession waves 
varies for different soils within a range of SOO 
8000 ft 'sec and foi solid rock from 6000 to moie 
llicin 2.'>,000 ft 'sec. The velocitv in water is aliout 
47(M) ft sec. In refiaetion shoc^ting. one usuallv ex- 
plodes a blasting rap or a small eliaige of dynamite 
and records the first signal picked up by the seismo- 
graphs located at three different distances. The 
methods employing excited vibration utilize either 
the diffcrenee in rate of propagation in diffeient 
soils or the eharacteristir frequency of the soil- 
vihrator system. 

Sampling. Soil sam tiling may he divided into 
shallow and deep, and into disturbed and iindis- 
tiirhed. Shallow disturbed samples of c'ohesive soils 
are usually obtained with a soil auger. Slightiv dis- 
turbed samples of both coheshe and nonc’ohesive 
soils may he obtained bv carefully pushing thin- 
walled metal cylinders into the ground. The cylin- 
der is subsequently rapped on both ends to pie- 
vent moisture loss. 

Deep samples ran be taken bv digging trenches 
and pits so that the actual profile is exposed. Also, 
machines are available for making open holes 
into the ground 10 36 in. wide and well over 10 ft 
deep. The most common method for taking deep 
samples is by driving a casing into the ground. The 
casing is at least 2^2 in. wide. A record is kept of 
the hammer weight, -height of drop, and the num- 
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ber of blows required to drive through each linear 
foot While the boring proceeds, the rasing is 
cleaned out with watei conducted to the bottom of 
the casing by a pipe of about 1-in. diameter. In- 
spection of washings can give an idea of the char- 
acter of the soil layer reached. If an undisturbed 
sample is to be taken at a certain depth, then the 
wash water is shut off above that depth and the 
wash pipe replaced by or changed into a pushing 
rod by which a thin-shelled sampler (Shelbv tube) 
is pushed into the stratum to be sampled. The 
tubes with the samples are then extracted, sealed 
on both ends and sent to the laboratoiy for testing. 
A number of modifications of proceduie and of 
type of sampler exists, but the essence of the 
method remains the same. 

For important construction, the casing is driven 
to bedrock and through it for 5-10 ft in order to 
make sure that a boulder is not mistaken for a rock 
stratum. Because of the possibility of sinkholes, 
core drilling in limestone and dolomite should be 
as (lose to the actual constiuction site as possible 

Field tests. Static or dynamic tests at the site 
may be made for mechanl(*a1 properties or other 
physical characteristics such as density, moisture 
content, permeability, and thermal resist ivilv The 
in-place density and moisture content may be 
measured by digging a clean hole, measuring its 
volume, and weighing and determining the water 
content of the earth removed Densities and mois- 
ture contents of surface soils and of deeper layeis 
reached b> bore holes may also be determined bv 
nondestructive methods employing y ravs for the 
former and neutrons for the latter. Thermal resis- 
tivity IS usually determined with the theirnal nee- 
dle 

Common mechanical resistance tests incbid** 
sounding, that is, pushing a steel rod or Vj 1 in - 
wide pipe into the soil and noticing the resistance 
to driving as a function of depth, pcnetiation tests, 
where the resistance to penetration by a cone of 
standardized form is measured at various levels 
reached by a bore hole; and vane shear tests, 
where a vane is pushed into a soil layer with sub- 
sequent application of horizontal shear fon es 
These tests possess only indicative value. 

Load or bearing power tests are performed in 
open pits at foundation level. Round or square 
plates of practically iindeformable material are 
employed for transmis^on of the applied load. The 
pressure bulb, or zone, created under the loaded 
plate bears a definite geometrical relationship to 
the shape and dimensions of the plate. Thus, the 
loading of small plates will not detect layers of 
low bearing power and large compressibility that 
may be reached bv the pressure bulb of the actual 
foundations. Within limitations, load tests are valu- 
able tools, especially for shallow foundations. To 
determine the eFect of surface loading bv a foun- 
dation on deepei soil layers, the stress acting on 
them is calculated from theory, and undisturbed 
samples taken from the location and depth con- 
cerned are submitted in the laboratory to the cal- 
culated stresses. 


Stresses in soil masses may be due to their own 
weight or to outside forces. In either case, the ge- 
ometry of the system is an important factor in the 
resulting stress distribution. The other decisive fac- 
tor is the physical state of the soil mass. This 
physical state may range from an elastic solid to a 
macromeritic liquid like quicksand Over the en- 
tire range, plasticity may be observable to various 
degrees. Every type of internal structure and re- 
Hponse to sti esses of diffeient intensity, known 
from other construction materials, may be en- 
countered in undisturbed and disturbed soils. This 
emphasizes the importance of obtaining represent- 
ative soil samples and testing them carefully in 
the laboratorv. Even then the results must he used 
with engineeiing judgment, since large masses of 
a mateiial behave differently from small ones. 

THEORETICAL STRESSES 

Call ulation of stresses would become too cum 
bersome if all pertinent soil factors were cariied 
along. Theories are therefore based on idealized 
earth masses which for i alculation of stress dis 
triliiition are homogeneous, isotiopic. elastii bodies 
and for nonelastic deformation or stability ])rob- 
lems are idealized masses endowed with fiktion, 
lohesion, or both. The methods of stress analysis 
aie the same as in statii s and strength of malcriSis 
See Strik idkai anaiysis 

Pressure bulb. Stress distrihution in a perfeitlv 
elastic contininnn under a vertic al point load at the 
horizontal boundarv was first derived by J Boiis- 
sinesq. If the point of at>plicdtion of a force P 
serves as the origin of a coordinate system with 
veitical coordinates z and horizonlal coordinates i 
and >, and r + v = r , then vertic al piessure 

a. - + + 

Ztt 

By connecting points of equal \erticdl stress, a 
piessure biilh is obtained Stiess distiibution in the 
elastic medium under a loaded aiea, rather than a 
point, is obtained by lesolving the distributed force 
into a laige number c)f point forces, and then em- 
plo\ing the principle of superposition where 
stresses from different points overlap. Such solu- 
tions are available only for simple forms such a« 
line, stijp rectangle, square, and circle. However 
the form of most foundations ran be approximated 
by summation, subtraction, or both, of shapes for 
which solutions are available and the stresses cal- 
culated using the principle of superposition. For 
pressure bulbs under loaded areas of simple shape, 
see Fig 6. 

Accuracy of analysis. Despite the diastic sim- 
plifications in theoretical treatment, loading tests 
have shown that, except in the immediate vicinity 
of the loaded areas, the calculated data agree quite 
well with the experimental results. 

Direct loading tests have shown differences in 
load acceptance by different soils. Contrary H) theo- 
retical assumptions, movement of soil material 
occurs close to the plate where stresses are inten- 
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q-maximum 



Fig. 6. Stress distribution for loaded areas of simple 
shape. Distribution pattern of vertical pressures through 
soil from a vertical load on the surface is called o 
pressure bulb, from the shape of equal pressure curves. 
(From Road Research Laboratory, Dept. Set !nd Re- 
search, London, Soil Mechanics for Road Engineers, 
1954) 



Fig. 7. Stress acceptance by sand and clay, (o) O. Fa- 
ber's experiments in 1933 showed that under a load 
applied through a circular plate (B), stresses in sand 
would follow the pattern shown in (b), reaching a max- 
imum at the center of the plate and that stresses in clay 
would follow the pattern shown in (c), reaching a max- 
imum around the edges Soil stresses were determined 
from contraction of the rods between the two disks 
< t and B) when load B was applied. (From D. P. 
Krynine, Soil Mechanics, 2d ed., McGraw-Hill, 1947) 

‘'ivf. Coarse-grained soils in which shear resistance 
directly proportional to normal stress resis} 
»novement most in the zone under the center of 
plate and have lower resistance and more 
pronounced outward movement as the plate edges 
approached. As a result the center cone ac- 
'^'pts most of the applied load, and the stress in* 
ftnsity under the center of the plate has been 
found in the case of sand to be 2-3 times the 
average stress under the plate. With plastic clay, 
^here the shear resistance is pressure-independent, 
Material moves from the central position outward 
'lotil it encounters the resistance of the earth out- 


side the plate edge. This equalizes the pressure 
under the plate and produces a maximum under 
the rim (Fig. 7). 

CONSOLIDATION AND SETTLEMENT 

The consequences of soil loading are affected 
by the piesence of pore water. Normal pore water 
may be under simple hydraulic pressure yz if 
located at a distance z below the ground-water 
level and having a density y. It may be stressless if 
located at the ground-water level or under tension 
if in ( apillaries above the latter. Sudden decrease 
in pore volume, occasioned by sudden loading, may 
result in a pressure increment which is called ex- 
cess hydrostatic oi neutral prcssuie Presence of 
hydrostatic water decreases the weight of the solid 
soil particles by the weight of an equal volume of 
water. This must be considered in calculating the 
total effective stress due to the weight of overbur- 
den; It affects the friction part of shear resistance 
which is proportional to the normal pressure on the 
shear plane. Excess hydrostatic pressure- as well as 
hvdraulic uplift must be subtracted from the total 
intei particle pressure to obtain the effective pres- 
sure which governs frictional resistance. Excess 
hydrostatic pressure is dissipated by expulsion of 
water, at a rate determined by the hydraulic gradi- 
ent and the permeability, with consolidation of the 
system until the total stress is carried by the 
skeleton of solid particles. 

Consolidation theory. Consolidation has been 
studied theoretically only for systems of simple ge- 
ometry, such as a soft clay stratum bounded by one 
or two pervious sand or gravel strata, under the 
assnmplions that the soil is saturated, soil parti- 
ilcs and water ate incompressible, Darcy’s law is 
valid and the coefficient of permeability remains 
constant during consolidation, the time lag of con- 
solidation is due entirely to low permeability, the 
soil is laterally confined, the total and effective 
normal stresses are the same for any point on a 
horizontal plane and water flows out of the voids 
only in a vertical direction, and the change in ef- 
fective pressure results in a corresponding change 
in voids ratio. 

Loading of sand within its elastic range produces 
an immediate elastic deformation supplemented by 
some consolidation due to grain ad)ustment. Load- 
ing of a saturated clay produces an immediate, 
though small, elastic deformation and a slow de- 
formation that can be called elastoid since, though 
water is expelled, no shear takes place in the sys- 
tem. 

Satttoment analysis. For actual structures, set- 
tlement analysis involves the following: (1) detec- 
tion of a soil stratum of high compressibility by 
borings; (2) determination of pressure-voids ratio 
relationships and time factor in the laboratory on 
undisturbed soil samples from borings; (3) calcu- 
lation of existing pressures due to natural over- 
burden and of pressure increase by added founda- 
tion loads; (41 initial condition of consolidation; 
(5) theoretical curve of time factor versus con- 
solidation; (6) predicted time-settlement curve as- 
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Burning instantaneous loading and curve corrected 
for construction period; and (7) comparison with 
settlement experience of other buildings in location 
and follow-up by actual settlement observations on 
structure. 

If plastic under the applied stresses, soil will 
flow sideways, resulting in secondarv consolidation 
that may, like creep in metals, continue at a con- 
stant rate or may decrease with time. The rigidity 
of the foundation influences the stress acceptance 
of the contac ting soil and thereby the consolidation 
behavior. Proper design of a foundation minimizes 
total settlement and eliminates as much objection- 
able differential settlement as possible. 

STABILITY 

Stability of an earth structure is primarily re- 
sistance to shear failure. Such resistance involves 
geometrical and soil-physical factors. Wide and 
deep foundations are more stable than narrow 
and shallow ones. 

Bearing power. Several building codes contain 
so-called safe bearing values, which may have 
langes of 2.*i-40 tons 'ft* for rock to 1 ton/ft* for 
soft cldv. The minimum load causing failuic is the 
ultimate bearing power which, divided bv an arbi- 
trary factor of safety, is called safe bearing powei. 
More meaningful values are obtained ftom loading 
tests, shear tests, and unconfined and triaxial coni- 
[uession tests Safe construction must be designed 
for the weakest possible < ondition of the soil on site. 
There exist a number of semiempirical laws with 
lespect to foundation stability against sheai fail- 
ure 

Pile foundation^ are used for carrying building 
loads through soft compressible layers to layers 
strong enough to carry them. They may be end- 
hearing if resting on solid rock or floating if driven 
into sand or clav ; if floating, the load is transmitted 
b\ skin and point resistance. Groups of floating 
piles develop, by superposition, pressure bulbs 
I haracteristic of the geometr> of the group rather 
than of the individual pile. .Sec Pii i rouNDAnoN. 

Landslides. These may be due to slow soil flow 
such as cieep, to fast lictuid flow, to sinking into 
caves or mines, and to sliding. Often they occur 
along water-luhri(*ated boundaries of inclined rock 
strata. Soil mechanics is particularly concerned 
with ensuring cuts, embankments, earth dams, and 
other earth struct uies against failure hv sliding. 

Stability analysis employs the concept of a slid- 
ing wedge, one surface of which is the surface of 
maximum shear stress in the soil. This surface is 
found fiom the geometry of the system. Next, the 
shear re.sistance on this surface is determined as a 
function of soil chara<*ter and normal stresses. Spe- 
cific calculation methods for plane and curved 
sliding surfaces have been developed. Sinc^e soil 
coliesion remains constant, while friction increases 
with pipssure, slopes of cohesive soils possess 
critical heights, while slopes of purely frictional 
materials may be stable up to any height. This 
demonstrates the importance of proper choice of 
materials and densification to greatest possible 
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Fig. 8. Stability analysis of embankments. (From Road 
Research Laboratory, Dept. S<h. tnd Research, London, 
Soil Mechanics for Road Engineers, 1954) 


shear lesistance of soil used for embankment and 
earth dam c imstrurtion (Fig. 8) . 

Rgtaining walls. Stability analysis of retaining 
walls, that is, determination of the magnitude, dis- 
tribution, and direction of soil pressuic on such 
walls, is also based on ihe concept of a sliding 
wedge One differentiates between neutral pressure 
(if no movement at all has taken place), aclue 
pressure (in the case of sufficient movement to 
mohili/e the shear resistance of the sliding siii 
face), and passive piessuie (if the wall has pushed 
the sfu'l baik suflieiently to mobilize shear in a 
wedge whieh for geometiie reasons involves a largei 
sliding surfalie than the active pressure). Special 
methodology for ealeiilating earth piessures with 
varying simplifying assumptions is available. Fur- 
ther pi ogress appears to depend more on a better 
understanding of soil-physii al properties than on 
employing more complicated mathematics. .See Rf 
lAIMNir WALL. 

Conduits. Conduits are rigid or flexible pipe«* 
for the (ondurtion of liquids, especially water, and 
are placed in ditches with backfilling or under em- 
bankments. Present knowledge and design formulas 
are based mainly on experimentation, and the 
closer thf actual conditions resemble those of the 
experiment, the more reliable are the formulas 
See Cofferdam; Soil; Sikitcturfs (incinfer- 

INc) , f H. F. WINTERKORN | 

Bibliography: Am. Soc. Testing Materials, Pro- 
cedures for Testing Soils, 1958; D. P. Kryninc, 
Soil Mechanics, 2d ed., 1947; Nall. Research Coun- 
cil, Water and Its Movement in Soils, Highway Rf- 
searrli Board Spec. Rep. 40, 1958; K. Terzaghi and 
R. B. Peck, Soil Mechanics in Engineering Prac- 
tice, 1948; G. P. Tschebotarioff, Soil Mechanics, 
Foundations and Earth Structures, 1951; H. F. 
Winterkorn, Principles and practice of soil stabili- 
zation, Colloid Chemistry, 6:459-492, 1946. 

Soil microbiology 

A study of the microorganisms in soil, their func- 
tions, and the effect of their activities on the char- 
acter of soil and the growth and health of 
life, particularly cultivated crops. It embraces the 
biology of microorganisms — ^their morphology « 




physiology, and taxonomy — as well as their bio- 
chemistry. It is related to soil chemistry and phys- 
ics and, in its application, to agronomy, plant 
physiology, and plant pathology. The soil micro- 
organisms are viruses, Myxomyceles (slime fungi), 
protozoa, algae, yeasts, fungi, actinomycetes, and 
bacteria. Soil is distinguished from subsoil chiefly 
by the presence of organic matter in the soil. The 
organic matter is composed of dead plant and ani- 
mal tissues and the products of their decomposi- 
tion by microorganisms. The microorganisms de- 
rive their energy by oxidizing plant and animal 
residues. Plants depend upon nutrients made avail- 
able bv microorganisms which form an essential 
link in the cycle of food in nature. 

The soil is the greatest natural reservoir of mi- 
croorganisms. These take part in many reactions in 
the soil. Some microorganisms are specific, taking 
])urt only in certain reactions {Nitrosomonas^ which 
oxidi/e ammonia to nitrite). Some are more gen- 
eral in their metabolism (heterotrophic types, 
whuh depend on organic material for energy 
source) and take part in many reactions. One 
gioup of organisms may use the products of nn- 
(Ulici, for example, dining the course of decomposi- 
tion of complex nitrogenous material to nitrate, 
fii addition to forming simpler degradation prod- 
«M ts, microorganisms svnthesize manv complex sub- 
slam es. These are bound up in microbial nroto- 
plasin while exiess amounts may lie liberated to 
pro\i(ie essential substances for other groups of 
rnicrooiganisms. In contrast to this associative ac- 
tion are antagonisms caused bv competition for the 
same fi»od or bv the ability of many organisms to 
piodiK e antibiotics. 

The net result of such associations and antago- 
nisms is the establishment of a miciobial equilib 
limn, which varies with the geological origin and 
evolutionary history of the soil. Although the equi- 
librium is ever shifting under the influences of 
''cason, temperature, moisture, and state of cultiva- 
tion, the micropopulation of a soil of definite type 
has a characteristic composition, consisting of or- 
ganisms that have become adapted to the particular 
environment. 

Microorganisms are not uniformly distributed 
throughout the soil, because soil is not hoiAogene- 
ous but comprises a variety of microenvironments. 
The organisms congregate in colloidal films about 
the surface of soil particles and are particularly 
abundant around fragments of decaying plant and 
animal debris. 

The majority of soil microorganisms are most 
active at pH 6.0-6.8. Some sulfur-oxidizing bacteria 
tolerate a pH as low as 2.0, other organisms a 
pH as high as 10. A supply of free oxygen is im- 
portant to most organisms. Almost all fungi, ac- 
tinomycetes and protozoa as well as most bacteria, 
are aerobic. With abundant oxygen, decomposition 
proceeds rapidly to completion. However in close- 
textured and wet soils where anaerobic conditions 
(molecular oxygen not available) prevail, organic 
matter is decomposed slowly and incompletely. The 
number of microorganisms is highest in spring 
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Bacteria attacking fragments of dead plant material in 
soil. (T. Gibson, World Crops, voL 3, no. 4, 1951) 


and fall. Proximity to growing plants markedly in- 
iTcases the number of soil organisms. 

The soil micropopiilation mav be divided into two 
groups, autochthonous and zymogenous microor- 
ganisms. The autochthonous organisms, comprising 
the great majority, are the indigenous forms re- 
sponsible for the processes occurring under normal 
conditions. 1'heii character is relatively uniform in 
soil of definite type and they are little affected by 
amendments (changes in soil organic matter). In 
contrast, the zymogenic microorganisms, much less 
numerous and iioimally quiescent, increase tempo- 
rarily to participate in primal y decomposition 
processes upon addition of readily decomposable 
organic material. 

Microbiological soil analysis. The enumeration 
of soil microorganisms is carried out by culture and 
microscopic* methods. Culture methods depend 
upon the growth of organisms and permit their iso- 
lation for dc’tailed study. In riiicroscopic methods, 
counts are made from stained films, hut since the 
organisms are killed no cultures can be made. 

Culture methods. These include plate and elec- 
tive culture procedures (see Cm.TURE, elective). 
Plate < iiltures are used for counts of bacteria, ac- 
tinoinyrpte‘4 and fungi, and are prepared by sus- 
pending a definite weight of soil in sterile water. 
Dilutions are made of the soil suspension with 
sterile water. Aliquots (representative portions) of 
these dilutions are placed in petri plates with an 
agar medium which will support the growth of -the 
microorganisms in the soil sample. For counts of 
protozoa the .soil aliquots are placed on the surface 
of agar plates, and after incubation wet mounts 
are examined microscopically. In order to group 
soil bacteria on the basis of taxonomy, nutritional 
requirements, and ability to synthesize substances 
such as vitamins or antibiotics, isolates (individual 
bacterial colonies) are taken nonselertivelv from 
plate cultures. The relative incidence in soil of a 
given category of bacteria can be estimated from a 
study of the individual isolates. 

Elective culture methods are used to count mi- 
croorganisms of special physiological groups, such 
as algae and the riitrifying, denitrifying, sulfur- 
oxidizing, and cellulose- or protein-depomposing 
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bacteria. Portions of successive soi] dilutions are 
added to liquid media selected to promote growth 
of the group in question. The presence of organ* 
isms is determined by visual or microscopic obser- 
vation or by chemical tests for by-products The use 
of replicates (that is, more than one sample of the 
particular soil) permits the calculation of the most 
probable numbers. 

Microscopic methods. Such methods are based on 
the examination of a definite amount of soil spread 
over a definite area of a slide and stained. From 
the known area of the microscope field numbers of 
organisms may be estimated. As this procedure in- 
volves mixing the soil, the “contact slide” method is 
used to observe the localized distiibiition of the 
organisms. A glass slide is inserted in the soil and 
later removed, stained, and examined for organisms 
adhering to the surface 

Plating methods, which are more i ommonly used 
for counting soil microorganisms, give too low 
values, for there is no medium on which all will 
grow. Microscopic methods give far higher numbers 
than plate counts but suffer from the disadvantage 
that they do not distinguish readiK between living 
and dead cells. The two methods are complemen- 
tary. .Sec IIiMus; Manukl, Nitrogen cycif; 
Pathogi-n (son); Riii/osi»hirf; Sou bai ancf, 
MICROBIAL; .Soil microorganisms; Soil mineral 
(mtcrodiai iiniizATioN) ; Son phosphorits (mi- 
crobial cycle); Soil sulfur (microbial cy- 
cif); see also Algaf ; Bac tfria, taxonomy oi ; 
Fungi; Proio/oa; Virus; Yi-ast 

fA. G. LO( hhfadI 

BiblwgraphY: E. 1. Russell, Soil Conditions and 
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Soil microorganisms 

Microorganisms in the soil include pioto/oa, fungi, 
slime-niolds, green algae, diatoms, blue- green algae, 
and bacteria. The bacteria aie a heterogeneous 
group, and include the procaryotic mycelial forms 
called actinomveetes as well as the simple unicellu- 
lar foims called eubacteria (see Micro- 
organisms). 

Bacteria, actinomycetes, and fungi are the 
groups most active in decomposing organic resi- 
dues and in lendering inorganic nutrients soluble. 
Tbe final result of this activity is the libeiation 
of such elements as carbon, nitrogen, phosphoius. 
potassium, and sulfur in forms available to plants. 

Eubacteria, The eubacteiia exceed all other soil 
microorganisms in numbers and in the varietv of 
then activities. Numbeis may surpass 100,000, OCX) 
per gram of soil by plate count or 1,000,000,000 per 
gram bv microscopic count. The bacteria vary in 
size, shape, growth requirements, energy utiliza- 
tion, and function. Morphologically they are di- 
vided into straight or irregular rods, of both spore- 
forming and nonsporeforming types, thin flexible 
rods, cocci, vibrios, and spirilla. Short rods and 
cocci are most frequent, but manv of the cocci arc 
the coccoid stage of pleomorphic (varying in shape 
and size) rods or spores of actinomycetes. 


Members of most taxonomic groups, with the ex- 
ception of certain animal and human parasites, oc- 
cur in soil. Some taxonomic groups are character- 
istic of soil alone. Although the identity of many 
bacteria engaged in specific processes, such as ni- 
trification and nitrogen fixation, is known, a large 
proportion of the indigenous (autochthonous) or- 
ganisms have not been classified. Of these, many 
have not been grown in any culture medium, a req- 
uisite for systematic studv. Consequently taxo- 
nomic knowledge of the autochthonous microflora 
is imperfect. 

On the basis of their nutrition, soil bacteria aie 
divided into autotrophs and heterotrophs. Auto- 
trophs are able to use carbc^n dioxide as the sole 
source of carbon for their body tissues; hetero- 
trophs must obtain carbon from organic food sub- 
stances. 

AutotrophU barteria These comprise twc» groups 
(photosynthetic and chemosynlhetic) according U 
their source of energy. The purple and the green 
sulfur bacteria are photosvnthetic due to the pies- 
ence of bac teiiochlorophvll or chlorobiiiin chloro 
phvll pigments. Like i hlorophy II c ontaining algae 
and higher plants, they obtain eneigv from sunlight 

Other autotrophs are chemosynthetic , deriving 
energv from various oxidation reattions. Their re 
quirements for food and energy are met bv ftior 
game sourtes These autotrophs carry out the pioi- 
css of nitrification in which two stages are distin- 
guished, tbe cn^idation of ammonia to nitrite, and 
that of nitrite^ to nitrate. Autotrophic sulfur bac 
teria derive energy from the oxidation of elemental 
sulfiii, sulfides, sulfites, thiosulfates, and thiocya- 
nates to sulfuric acid, which reacts with soil bases 
to form sulfates. 

Heterotrophic bacteria. Heterotrophic bacteria, 
which comprise the great majority of soil bac teria, 
derive both food and energy fiom the decomposi 
tion of organic substances. Thev embrace a wide 
variety of morphological and taxonomic types in- 
cluding sporeformers or zymogenous forms, which 
are bacteria that develop in soil in response to the 
addition ol certain substances like organic matter, 
or certain processes like aeration. Also included 
are the far more numerous nonsporeformers whic h 
comprise the great majority of the autochthonous 
microflora. The most abundant forms are short rods 
and pleomorphic rods. 

The majority of the heterotrophs require com- 
bined nitrogen to build cell substance. The nitro- 
gen-fixing bacteria utilize elemental nitrogen of the 
air. These bacteria include symbiotic organisms, 
such as species of the genus Rhizobium that live 
in symbiosis with leguminous plants, and nonsym- 
biotic organisms, such as species of the aerobic 
genera Azotohacter^ Beijerinckia^ and Azotomonas, 
and the anaerobic genus Clostridium (see Azoto- 
bacterageae; Bacillaccae; Psludomonadacfae). 
The indigenous heterotrophic bacteria may be clas- 
sified according to their nutritional requirements. 
Though all require a source of energy, such as a sim- 
ple sugar, the additional needs of some are satisfied 
by inorganic salts. Other s6il bacteria require amino 



acids or more complex food sources, and some more 
exacting bacteria require factors present in soil 
extract. The proportion of each of the nutritional 
groups is fairly constant in soil of definite type. 
However, increased fertility, such as that resulting 
from fertilizer treatment, is reflected in an inc'rease 
in the proportion of bacteria with complex require- 
ments at the expense of those with simple nutri- 
tional needs. Although there is no precise coriela- 
tion between nutritional requirements and morpho- 
logical type or taxonomic grouping. Pseudomonas 
species are more abundant among the nutritional 
group with simpler needs, and the pleomorphic 
types, particularly Arthroharter species, are rela- 
tively more numerous in the group with the mos>t 
complex requirements. 

As many as of the indigenous soil bacteria 
tapable of b<*ing isolated may lequiie one or more 
Mtamins for growth The vitamins most essential 
aie, in order of frequency, thiamine, biotin, and 
vitamin Bi •. A smaller percentage require other B 
xitamins as well as the terregens fac toi, a substance 
found only in soil that promotes bacterial growth. 
See Niirocfn tvcir; Sou sm fur (mi(Rohi\i (’i- 
( 1 1 ) 

Actinomycetes. Next to the bacteiia in numbers, 
the actinomycetes range from hundreds of fhou- 
‘^incK to seveidl millions per giam of soil. The\ are 
more alnindant in drv and warm soils than in wet 
and cold soils With increasing depth of soil, their 
numhcin are reduced proportionately less than 
those of bacteria Actinomvc etes ate particuldi ly 
ahiindanl in grassland soil The three genera of 
Actinomvc etales occurring most commonlv in soil 
aic Norardia, Streptnmyres, and Mirromonospota, 
Thermophilic* forms, lepresenled by the genus 
rhermoaftinomrres, aie active in rotting manure 
and also may be present, though inactive, in nc»rmal 
Mill. Streptomyces species are the dominant types. 
Mthough they are largely saprophytes, a few spe- 
< ICS. such as those associated with potato scmIi, are 
paiasitic. See Ac riNOMYf f taceai ; Srni ftomyci.- 

TAC I AF. 

I ess is known of the function of the actinomy- 
« etes in soil than of the bacteria. They are hetero- 
tiophic and are nutritionally an adaptable jgroup, 
less demanding in growth requirements than many 
bat teria. They take part in the decomposition of a 
wide range of carbon and nitrogen compounds, in- 
cluding the more resistant celluloses and lignins, 
and are important in humus formation. Actinomv- 
cetes are responsible for the earthv or musty odor 
t haracteristic of soil rich in humus. See Humus. • 

As many as 60% of the actinomycetes isolated 
fiom soil by plating methods may show antagonism 
toward bacteria or fungi in artificial culture. The 
importance of this antibiotic-producing capacity 
under normal soil conditions is not known. How- 
'^er, although antibiotics can rarely be detected in 
^oil and then only under abnormal conditions, they 
niav be important in microenvironments where in- 
tense microbial activity takes place. 

Fun|^. Fungi are present in numbers ranging 
from several thousand to several hundred thousand 
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per gram of soil. They occur extensively in the my- 
celial state, as well as in the form of spores. Since 
plate colonies may develop from fragments of my- 
celium or from spores, plate counts give only an 
approximation of the abundance of fungi in soil. 
As with bacteria, some fungi do not grow on plates; 
consequently plating methods give minimum counts. 
Most fungi require humid, aerobic conditions for 
growth and spore formation. Thev are most com- 
mon near the surface of soil and ate more abundant 
in lighter, well aerated soils than in heavier <»oils 
Because the optimum pH range for fungi is 4.5 5.5, 
thev are more pievalent in acid soils which art less 
favorable to bacteria and actinomycetes. 

Ecologically, two broad groups of soil fungi may 
be recognized, the soil-inhabiting, and the loot-in- 
habiting, fungi. The soil-inhabiting fungi are able 
to survive indefinitely as saprophytes and have a 
general distribution in s«>il. They include not only 
obligate saprophytes, but also some unspecialized 
parasites whiih die able to infect plant roots, but 
whose parasitism is only incidental to their sapio- 
phvtic existence. Root-inhabiting fungi are special- 
ized parasites that invade living loot tissues. Their 
distribution in soil is localized and depends upon 
the presence of the host plant. Their activity di- 
minishes following death of the plant and they per- 
sist in soil onlv as lesting spoies or sclerotia. My- 
corhizdl fungi are included among the root-inhabit- 
ing fungi. 

Soil fungi are heterotrophic and have a wide va- 
riety of food leqiiiremenls. All obtain their carbon 
entirely from simple cai hohydrales, alcohols, or 
organic acids. But while some fungi c an utilize in- 
organic nitiogen, others reqiiiie more complex 
forms, or vitamins, chiefly thiamine and biotin. 

Soil fungi do not comprise as many physiologic al 
gioups as do the bacteria, hut as a group thev are 
more versatile in their ability to decompose a great 
vaiietv of organic compounds. The saprophytes, the 
true soil inhabitants, may be divided into groups 
depending upon the natuie of the substrate favor- 
ing then development. Two such gioups are the 
sugar fungi and the cellulose-decomposing fungi. 
Other groups attack some of the most resistant 
substances, such as lignins, vegetable gums, and 
waxes. When plants die. or when fresh plant ma- 
terial is added to soil, the growth of fungi is greatly 
stimulated. Those able to attack the more soluble 
constituents, such as sugars and other simpler car- 
bon compounds, develop rapidlv. Chief among 
such forms are the Phycomycetes, As the special 
substrate is exhausted, other types flare up and 
attack progressively more resistant components of 
organic residues. Cellulose and hemicelluloses are 
decomposed by a variety of fungi including species 
of Peninllium, Aspergillus^ Sporotrichum^ and 
Fusariiim. Fungi are the predominant lignin-de- 
composing organisms. Various simple fungi can at- 
tack the lignin of straw and leafy plant material 
although the higher Basidiomycetes are most ac- 
tive in decomposing lignin-ricli residues. 

Although polysaccharide-forming bacteria play a 
part fungi are chiefly responsible for improving the 
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physical structure o{ soil b\ exerting a binding ef- 
fect on loose parti<*le», thus forming water-stable 
aggregates. This binding eflFecl is caused by the 
growth of mycelia which form fine networks that 
entangle the smaller pai tides. The soil-binding ef- 
fect is favored by addition of fresh organic mate- 
rial w'hose decomposition products provide cement- 
ing substances. See FuNci: Paihocen (soil); 
RifirOSPHERL. 

Yeasts. A gioup of simple fungi, yeasts occur in 
soil oiilv to a limited extent, in the surface layers. 
In field soils their numbers are small, some samples 
being deioid of yeasts. They are found most fre- 
tpienth in the soils of orchards, vineyards and api- 
aries where special conditions, particularly the 
presence of sugars, fd\oi growth of v easts which 
invade the soil. Soil is not a favorable medium for 
their growth and v easts do not plav a significant 
part in soil processes See (’itv ptck 0( r\t i s; Sac- 
r II AROM V ( n \i f s ; .SpoRonoi OMvr i* i ai f s 

Algae. These are widely distributed in soils, de- 
veloping most abundantly in moist, fertile soils well 
siitrplied with nitrates and available phosphates. 
They contain chlorophyll and in the soil surface 
lavers, where ihev are chiefly confined, function as 
green plants converting c*arbon dioxide and inor- 
ganic nitrogen into cell substance bv means of en- 
ergy denvc'd from sunlight Smaller numbers occur 
ut lower depths where, in the absence of sunlight, 
they exrst heterotrophicallv The soil algae c'oni- 
prise the green algae (("hlorophvc*eae), the blue- 
green algae (\Ivxoplivc*eae), and the diatoms ( Ba- 
cillar iaceae) . In acid soils green algae predomi- 
nate, while in neutral or alkaline soils the other 
groups are more prominent Clumbers vary widely, 
ranging from a few hundred to several hundred 
thcHisand per gram of soil. 

As autotrophs, algae are of importanc e in adding 
to the organic matter of soils. They play a funda- 
mental ecological role on barren and eroded lands 
by colonizing suc-h areas and synthesizing proto- 
plasm from inorganic substances. Seyeral blue- 
green algae are able to fix atmospheric nitrogen 
and are of agricultural significancx*. particularly in 
lic'e culture Under the water -logged conditions 
needed fc»r this crop, blue-green algae develop 
abiindantlv and mav increase the nitrogen supply 
bv as much as 20 lb per acre. See Al caf. 

Protozoa. Occurring in all arable i»oiIs, protozoa 
arc* largely confined to the surface layers, although 
in drier, sandv soils they mav penetrate more 
deeply. Numbers usually range from a few hun- 
dred in dry soil to several hundred thousand per 
gram in moist soils ric*h in organic matter. Most 
soil protozoa are flagellates and amebas; ciliates 
ate less frecpient although thev are often found in 
wet soils and swamps. Protozoa are active in soil 
only when living in a water film. The majority are 
able to form cysts, and in this inactive state they 
<‘an withstand desiccation. 

Although a few flagellates, such as Euglena, have 
chlorophyll and are autotrophic, and others can live 
saprophytically by absorbing nutrients from solu- 
tion; the majority of soil protozoa feed by ingest- 


ing solid particles, mainly bacteria. Not all bac- 
teria are suitable as food. Amebas have decided 
preferences for certain bacterial species and will 
not ingest others, particularly pigmented bacteria. 
The formation of cysts by protozoa is favored by 
some liacterial types, not by others. Exeystment of 
some amebas requires the presence of bacteria; 
others are independent of bacteria. Though proto- 
zoa are a factor in maintaining the microbial equi- 
librium in soil through their selective action on bac- 
teria, their effect is limited and is not considered 
detrimental to the activities of the micropopulation 
ds a whole. See Protozoa. 

Myxomycetes. Mvxomycetes, or slime fungi, 
form a minor group of soil Inicinorganisms intei- 
mediate in character between the flagellated pro 
tozoa and the fungi. They possess a motile, flagel- 
lated stage in their life (vcle, and later form large 
aggregates of cells, or c odlesc e into lellylike masses 
of naked piotofddsm. These eventiiallv foim spore*' 
whieh give rise 1(» flagellated foims. Like the proto- 
zoa. myxomyc'etes feed on bacteria. See Ac rasiali s. 

Viruses and phages. Although these ulltaini- 
iroscopic oiganisms exist in soil, little is known ol 
the part thev plav in soil processes Viruses that at 
ld< k plants and animals ran in some i ases be Hans 
mitled from the s«)il. Phages, which are aclne 
against bacteria and actinomvc etes, limit sus< epti 
ble mb loorganisms and thus affect the iniciohuil 
balanc e. 'Phose that attac k the various species (d 
svmbiotb nitrogen-fixing bai term mav pievent ef 
fective inoculation of legumes paiticiilarly in soils 
in which the same crop has been repeatedly grown 
The deleterious effect ot phage on the nitrogen 
fixing bacteria was lormeilv ascribed to diiecl l\lic 
action (dissolution ot the bacterial cell). Howevei, 
this is now considered to result from the develop 
nient of phage-resistant mutants which arc less ef- 
fective in fixing nitrogen than the parent strains 
>>Vc Bactfria; Ba( ilrioph alf ; Soil muhobicu- 
o(,y; ViRrs. |a.(..i.| 

Soil mineral (microbial utilization) 

Microorganisms utilize soil minerals for their own 
growth, and also help make the essential nutrients 
available to higher plants. A soil is fertile mainh 
because it can supply growing plants with nutrients 
(calcium, magnesium, potassium, and phosphate) 
in forms which can be readily taken up by plants. 
The conversion of the nutrients in soil minerals 
into forms available to plants is of course parllv 
carried out by the plant roots themselves, but ex- 
periments have begun to show that microorgan- 
isms play a part in this conversion. 

Soil formation. New soil is perpetually being 
formed all over the world by the breaking up of 
rocks into fine particles and the dissolving out of 
minerals from them. This process, the so-called 
weathering of rocks, was at one time supposed to be 
caused entirely by physical and chemical agents— 
heat, frost, water, and the oxygen of the air. It is 
now known that exposed rocks are subject also to 
microbial attack. When the* island of Krakatau was 



visited three years after the great volcanic explo- 
sion which blew off its top, microscopic blue- 
green algae were found growing on the bare rocks, 
the first living things to appear there. These blue- 
green algae are the most self-supporting of all 
forms of life, for they are photosynthetio, obtain- 
ing carbon from the carbon dioxide in the air, and 
also nitrogen-fixing, obtaining nitrogen from the 
atmosphere. In 1^46, Russian microbiologists found 
that the blue-green algae on freshly exposed rocks 
are soon accompanied bv bacteria, among which 
nitrogen-fixer^- and autotrophic nitrifiers are promi- 
nent. The nitrogen-fixers add to the nitrogen sup- 
ply, and the nitrifiers, because they fix carbon di- 
oxide, add to the carbon supply in the film of 
growth on the rock. The two groups pave the wav 
f(tr other bacteria and fungi, and the film of organic 
growth, which is continually dissolving mineral 
luitiients from the rock below it, increases until it 
can support the growth first of lichens, then of 
mosses, and finally of higher plants. 

Buried locks are also broken down to form new 
soil: if lhe\ are not buried too deeply, there is 
probablv a succession of mi<*roblal growth on them. 
I'll is has not been proved, because plant roots, at 
depths which the\ c'an reach, also break up rocks. 
Ro< k minerals are dissolved b\ carbim dioxide and 
b\ organ i(* acids: both of these are given off by 
plants and b\ micnioiganisms. Sin<*e it is impos- 
sible to distinguish between them, in most cases it 
must be assumed that both. plant roots and micro- 
organisms arc taking pait in soil formation. 

Utilization of minerals in formed soils. In soil 
which is alteadv formed, microorganisms ma) re- 
lease nutrients from the soil minerals and make 
them available to plants. In soil where a particular 
nutrient is scan*c, the> niav render it iinavuiluble 
bv assimilating the nutrient as fast as thp> release 
it from the minerals: in this case they may be said 
to be competing successfully with the growing 
plants. 

The mechanism of release of nutrients consists 
in dissolving out the nutrient from the soil mineral 
and converting it into a soluble salt or (in the 
(ase of heavy metals) into a complex with a che- 
lating compound. Carbon dioxide is probab^ the 
most abundant dissolving agent, as all microorgan- 
isms and plant roots produce it in respiration. Or- 
ganic acids such as lactic acid are also important 
dissolving agents whic*h are se^Teted into the soil 
by plant roots and microorganisms, particularly 
fungi. Some fungi and bacteria from podzols (rela- 
tively infertile soils) are evidently adapted to dis-* 
solve minerals in a poor soil because in cultures of 
them more acid is formed in poor than in rich 
nutrient media. The gum, or slime, produced by 
^otne bacteria can take up phosphate, sulfate, and 
possibly potassium from culture media: if the same 
mechanism operates in soil, it should supply the 
bacteria with more of these nutrients. 

Inorganic acids are produced by some auto- 
trophic soil bacteria. For example, the nitrifiers 
Nitrosomonas and NUrohacter produce nitric acid 
48 the end result of their combined activity, and 
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the sulfur-oxidizing Thiobacillus species produce 
sulfuric acid. These acids quickly combine with 
metals in the soil minerals to form nitrates and 
sulfates. The autotrophic bacteria are useful to 
plants not only because they supply nitrogen or 
sulfur in an assimilable form, but also because they 
make soluble salts of most of the metals essential 
for plant growth, such as potassium and magne- 
sium. Hydrogen sulfide, produced during the bac- 
terial decomposition of proteins, may render ter- 
tiary phosphates soluble. Even if it causes the 
precipitation of iron and other metals, the sulfides 
are subject to bacterial oxidation, with the forma- 
tion of soluble sulfates. 

Some of the bacteria that reduce f<*rric hydroxide 
convert the iron into a chelated form held in an or- 
ganic (‘omplex, but the nature of these organic 
complex-forming substances is (fuite unknown. 

Phosphates, The most definite evidence for the 
beneficial effect of soil microorganisms on plant 
growth has been obtained in work with phosphates 
in Holland, Russia, and Australia since 1950. Most 
of the phosphate in soil is combined with calcium 
or iron in insoluble compounds; manv soil bacteria 
and fungi, when they are first isolated from soil, 
can dissolve these insoluble phosphates, though 
they lose this ability when kept in artificial cul- 
ture. These phosphate-dissolvers are commoner in 
the rhizosphere (the zone immediately surrounding 
plant roots) than elsewhere, and it has been found 
that plants grow better and take up more phosphute 
from insoluble ealcium phosphate in soil with 
rhizosphere organisms present than in sterile soil. 
Cultures of phosphate-dissolving microorganisms 
are added to compost heaps in Russia, and are said 
to improve the quality of the compost. 

The mycorhiza fungi on the roots of pine trees 
are supposed to supply the trees with phosphate, 
but this is unlikely since trees without mycorhiza. 
such as oaks, also increase scduble phosphate in the 
soil around their roots. It is more probable that 
phosphate is brought up from the subsoil hv the 
tree roots themselves. 

Microorganisms may deprive plants of ]ihos- 
phate under certain conditions. All microorganisms 
need phosphate, and some soil species, the nitro- 
gen-fixing Azotobacter spp. for instance, need quite 
large amounts. Fungi have a particularly hi^h 
phosphate requirement, and if much organic matter 
with a low phosphate content is added to soil, the 
fungi that develop on it may fix so much phosphate 
in organic compounds that a temporary phosphate 
starvation is induced in plants growing in the same 
soil. 

Potassium^ calcium^ and magnesium. Very little 
is definitely known *about the effect of microorgan- 
isms on the supply of these three elements to 
plants. It may reasonably be assumed that all three 
are turned into soluble salts through the action of 
the sulfur-oxidizers and the nitrifying bacteria. 
Potassium is liberated in the breakdown of complex 
silicates by the so-caI]e.d silicate-decomposing bac- 
teria. It is quite probable that the breakdown of 
silicates is not a specific enzymatic process carried 
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out by a special group of bacteria, but is caused 
rather by acids produced by many different soil 
bacteria and fungi. 

Iron and manganese. Bacteria which reduce ox- 
ides of iron and manganese to soluble ferrous and 
manganous salts are very common in soil. The most 
efficient of them appear to be so because they make 
either organic acids or chelating substances. It is 
probable, but by no means proved, that these bac- 
teria improve the supply of iron and manganese 
to pltints. They also induce movement of both metals 
in the soil profile. 

Microbial oxidation of iion and manganese com- 
pounds to insoluble oxides and hydroxides also 
takes place in soil. It has been claimed that the 
autotiophic iron bacteria, which are common in 
water and in bogs, also occur in drier soils, and 
that they make the iron concretions and hardpans 
in tropic'al latcritic soils, but there is no experi- 
mental evidence for this claim. 

It is therefore probable, though not yet prc»ved, 
that soil microorganisms c-an increase the siipph of 
essential nutrients to plants. A great deal moie ex- 
perimental work will be necessarv to decide how 
much miciobes contribute to plant nutrition by 
modifying soil minerals. .See NlTROCrl N (YCIF; 
Riii/osphlrf ; Son mkkobioiogy; .Soil micro- 

ORC^ANISMS [j.M.l 

Soil phosphorus (microbial cycle) 

This is essentially a phosphate cycle. Plants assimi- 
late phosphorus as phosphate, the HjPOi ion, and 
build It into organic c'ompoiinds sue h as phytin, nu- 
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cleic acids, and phospholipidb. The microbial 
breakdown of dead plant tissues liberates the phos- 
phate again, so that there is an alternation in the 
soil between organic and inorganic phosphate. Mi- 
croorganisms themselves assimilate phosphate, and 
consequently much of the organic phosphate In soil 
is contained in microbial cells. Plants mav be de- 
prived of phosphate by the addition of phosphate- 
deficient organic wastes to soil, because the fungi 
which develop on the waste assimilate all the avail- 
able phosphate. 

There is also an alternation in soil between solu- 
ble and insoluble inorganic phosphates. Microor- 
ganisms can increase the phosphate supply to 
plants by dissolution of insoluble, tertiary phos- 
phates through acid production; such microbes are 
particularly active in the rhizosphere. Others mav 
precipitate soluble primary or secondary phos 
phates as tertiary salts as a result of the prodiir- 
tion of alkali. See Son milrobtololy ; Soil min- 

LRAI ( MICROBIAL UTILIZATION ) . I J.M. ] 

Soil sterilization 

As used in the held of weed control, and rather gcii 
erallv by agricultural chemists, the let in soil stcr- 
ilants refers to chemicals that render the soil unfit 
as a culture medium for the growth of liig{)er 
plants. Plant pathologists, Hematologists, and 70 
ologisis u-e the same term to connote a matenal 
used for complete sterilization, that is, the icndei 
ing of soil (ompletely devoid of all life This is f>f 
ten done with heat or by soil fumigation and is 
usually only temporary. See Fumioani ; Funlisiai 
andhtnucidl; Nfmato(idf. 

Soil sterilants, as used in weed control mav be 
classified into two general groups -temporary and 
permanent. However, these terms are only relative, 
and the* persistence e>f toxicity from any one chemi- 
cal depends upon many factois. Principal among 
these aie rainfall, textural grade of the soil, or- 
ganic matter in the soil, height of the walei taldc. 
seasonal differences in temperature, differenees 
among plant sjiecies, and volatility of the agent. 

Piior to 1945, soil sterilants were used almost en- 
tirely on noncropped areas. The rhemicals em- 
ployed at that time were arsenic, borax, boron oreb. 
and sodium chlorate; the latter two were often used 
in combination. Typical of noncropped areas are 
railway ballast, irrigation ditchbanks. parking 
areas, mill or factory yardb, airpoit landing strips, 
and firebreaks. Such treatment is also used around 
signboards, telephone and power poles, oil storage 
tanks, and highway guardrails. Chemical treatments 
lessen the need for hand hoeing, weed knifing, burn- 
ing, and other costly operations. 

Inorganic compounds. Arsenic is the most per- 
manent of the soil sterilants. It may be applied dry 
as white arsenic (arsenious oxide) or in solution 
as sodium arsenite. The latter is poisonous and also 
attractive to cattle so that it must be used with 
great care. Arsenic sterilization has been known to 
last for as long as 10 years. 

Borax or boron ores, su^h as kramerite or 'ole- 
manite, are less toxic to plants than arsenic and 
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less persistent. However, they are not poisonous 
and they are easy to handle. These materials alone, 
and in combination with sodium chlorate, are used 
along thousands of miles of highways and rail- 
roads. 

Sodium chlorate is only temporary in its effects 
in the soil; however, it is readily soluble in water, 
and it moves freely with moisture in the soil. Hence, 
it may be used to kill deep-rooted perennial weeds 
on both cropped and noncropped soils. Sodium 
chlorate is hazardous to use by itself because, when 
combined with organic material, such as straw, 
wood, or clothing, it forms a highly flammable 
mixture that ignites from friction and burns with 
an intense flame that cannot be smothered. Borax 
or sodium pentaborate reduces this flammability 
so that the mixture is safe to use. Also, the boron 
compounds are toxic and are less readily leached 
from soils. Borate-chlorate mixtures are used in 
very great quantities for soil sterilization in indus- 
trial areas all over the world. 

Organic compounds. The organic herbicides 
introduced since 1Q4S are rapidly changing the pic- 
ture in the field of chemical weed control. Many of 
these may be used in preemergence treatments to 
sterilize temporarily the soil in croplands, and some 
are highly selective, killing weeds without harming 
crops. Among the organic herbicides are the chloro- 
phenoxy compounds, 2, 4-dichlorophenoxy acetic 
acid or 2,4-D; the carbamates, isopropvl-n-(3- 
chlorophenyl ) carbonate or CIPC; the substituted 
ureas, 3(3,4-dichlorophenyl)-l.]-dimethylurea: the 
s>inmetrical triazines; and many others. 

Used at dosages of about 1 11) per acre, these 
newer materials may be used to control weeds on 
croplands; they are usually applied at seeding time 
or soon thereafter; this use is termed the preemer- 
gence method. The same materials used at rates of 
10 40 lb or more per acre are used to bring about 
a more permanent type of soil sterility. 

Because most of these materials are .selective, 
they are often used in combination to control mixed 
weed populations. A few such combinations are 
2,4-1) plus monitron, monuron plus borax, monuron 
plus chlorate, monuron plus sodium trichloroace- 
tate, 2.4,.S-T plus dalapon. Eventually, chemicals 
should be available that will eliminate we^s in 
every situation in which they are pests. See Ac- 
KiriTLTURAi. chemistry; Agricultural science 
( PLAN r ) ; Herbicide. \ a.s.c.] 

Soil sulfur (microbial cycle) 

Plants and microorganisms assimilate sulfur from 
^oil sulfates, and convert it into organic sulfur com«* 
pounds. Sulfates are formed in soil by oxidation of 
sulfides, which are derived from (1) the parent 
rock from which the soil is formed, (2) breakdown 

organic sulfur compounds, (3) reduction of sul- 
fates by anaerobic bacteria of the genus Desulfovi- 
Ifrio (see Spirillaceae). Corrosion of water pipes 
and other buried iron structures is caused by species 
of Desulfovibrio, The oxidation of sulfides to sulfur 
in soil is probably not a microbial process but a 
purely chemical one. The sulfur is oxidized micro- 
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parent rock 

Microbial cycle of soil sulfur. 

bially to sulfates, by the autotrophic ThiobarillL 
See Soil mineral (milrobial utilization) ; 
Thiobacteriaceak. I j.m.] 

Solar battery 

A battery which converts the energy of light into 
electric energy. The most common solar cell is the 
silicon photovoltaic cell shown in the illustration. 

Pure silicon is an /i-type .semiconductor. It has a 
high free-elcclron density, so that electric current 
is a flow of electrons. By exposure to boron vapor, 
the surface of the silicon becomes a p-type semi- 
conductor. This type has a low electron density but 
a high hole density, so that current is a migration 
of holes, or positively charged sites, through the 
material. The region between the p- and n-type 
silicon is called the barrier region, and the whole 
structure is called a p-n junction. .Sec Semicon- 
ductor. 

Exposure of the treated surface to light produces 
light absorption within a layer about 0.00001 cm 
thick. Each light photon absorbed displaces an 
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diffused p-type 



electron, prodiicinf^ both a free electron and an 
ele< tioii v<i<*ancv or hole. Since the otif^inal surface 
had a low elect ton density compared t<» the hole 
density, the effect of this fihoton ai)sorptJon is to 
increase the election densit> while increasing the 
hole densitv to n much lower extent. 

A portion of the excess electrons will have suffi- 
cient energy to move through the bartier legion 
into the n-type semi(*onductor region, where they 
are free to move into an external ciicuit and thus 
deliver power to a load. 

The solar cell inav be considered as a consiant- 
ciiirent generator, the constant current being ecpial 
to that obtained on short circuit. This generator is 
shunted b\ the p-n | unction, acting as a diode rec- 
tifier. and the load resistance. In addition, theie are 
both shunt and series resistance elements present 
within the solar cell. 

Solar battery installations have been made in 
liigh-altitude rockets. A bank of 8 cells, each 1 cm‘‘* 
in area, was connected in series and located be- 
hind a pvrex-glass window. A mounting was pro- 
\ided so ihat the cells were flush with the outer 
skin of the rocket Thi-*' was one batter>. A total of 
fi\e weie used. Four were mounted 90® apart at the 
base of the nose cone. One was mounted directly 
above one of the lower four. The four batteries 
wcie connected in parallel to a load of 150 ohms. 
The single batterv was also connected to a load of 
l.iO ohms. 

The output voltage of the four units in parallel 
varied from 2.7 to 1.0 volt, while the single-unit 
voltage ranged from 2.1 to 0.0. These variations 
weie due to changes in the incident light as the 
roc'ket spun and changed its angle with respect to 
the sun. The peak outputs reported are equal to 
1.5 ma at 0.3'W volt/im- (1.52 mw/cm®) and 14.0 
ina at 0.263 volt Vm-’ (3.68 mw/cm^), respectively. 
These are equal to 1.41 watts /ft® and 3.42 
watt* 'll- respectively. 

Other experimental installations have been made 
to deteiroine the suitability of solar cells in appU- 


carions such as furnishing power for transistorized 
telephone repeaters in remote areas. 

Temperature has a considerable effect on the 
output of the silicon solar-cell battery. Contrary to 
the usual effect, the output goes up as the tempera- 
ture decreases. The output is greater at — lOO**? 
than at room temperature. [s.ei.] 

Solar constant 

The rate at which energy is received from the Sun 
just outside Earth’s atmosphere. Al Earth’s mean 
distance from the Sun, the solar constant is 1.36 X 
10** ergs/ (cm®) (sec). Depending on the Sun’s 
distance from the zenith, up to a third of this 
energy may be scattered in Earth’s atmosphere. 
From the measured solar constant, the total radia- 
tion of the Sun is 3.86 X 10*^ ergs/sec. 

The energy emitted bv the Sun has been thought 
to temain constant. However, recent ohservalions 
indicate that ihe Sun increased 2^f in brightness 
from 1954 to 1959. The increase was measured bv 
comparing the blue portion of the spectrum of sun- 
light reflected bv Uranus and Neptune with the 
diiect light fiom 16 nearbv stars. The incicase in 
solar constant coincides with the peak of the 11- 
vear sunspot cycle. Further observations, however, 
are necessary to establish a relationship. See Si \ 

1 I.V^F 1 

Solar energy 

The energy that can be obtained in the form of 
heal and power from the Sun's radiation. The total 
amount of energy showered upon tin* F^arlh Imni 
the Sun is about lO*** hp-hr per annum. To equal 
this rate, the Earth's total supidv ol c omhustibles 
would have to be burned up in about three dav*^ 
However, not all this solai energv is available 
About half of it is turned back into space bv the 
atmosphere before it reaches tlie surface of the 
Earth. The world’s vegetation utilizes about 
6 X 10’’’ hp-hr per annum of solai eneigv hut tc 
fleets back into space a thousand quanta for everv 
quantum that it usefiillv emplovs. However, abiujt 
70^ of incident sunshine is retained during the 
dav. About 15^ of retained solar energy is ah 
sorbed hv hate earth. The other 85 9r i** used to 
evaporate water from the hydrosphere and from 
vegetation, to raise the temperatuie of surface wa 
ter, and to cause the growth of marine vegeta- 
tion. The growth of marine vegetation has been es- 
timated to use nearly 5 X 10^ ‘ hp-hr per annum, 
eight or nine times the rale of growth of terrestrial 
vegetation. Energy used for evaporation cannot be 
recovered as power because it is balanced by noc- 
turnal radiation awav fioin the Earth, with result- 
ing condensation of water vapor. However, the en- 
ergv required to lift water vapor above the Earth i'^ 
partly recoverable in the form of water power. 

In addition to water power, which can be and 
probably will be developed to the extent of about 
0.801% of the sunshine absorbed by the Earth 
(5 X 10*® hp-hr per annum, 10 times as much wa- 
ter power as the world was recovering in 1957), ^ 
lar energy can be utilized in several other more 



Sohir energy 


467 



Utilization of solar energy. (Power Magazine) 


important ways. A portion of the 3 X 10^“ hp-hr 
absorbed by bare earth during the day undoubH^dly 
f an be rruiovered, and a portion of the 5 X 10'^ 
bp-hr of solar energy now being utilized to form 
food through phfttoehemical reactions undoubtedly 
could be diverted to the formation of fuels. This 
applies primarily to marine growth. 

To get these figures in proper perspective, the , 
1957 total consumption of energy in the world was 
about 5 X 10’ •* hp-hr. To equal this amount from 
solar energy alone, it would be necessary to cap- 
ture 0.2% of the sunlight absorbed by the bare 
earth of the entire world, or one-tenth of total ma- 
rine vegetation, or smaller proportions of each to 
add to what may be secured by hydroelectric 
power. It is just conceivable that the world’s future 
demand for energy might be met entirely from so- 
lar radiation. The potential is there, but many im- 
portant inventions will have to be made. 


Biological utilization. Photosynthesis leads to 
the average annual production on the Earth of 
around 100,000,000,000 tons of vegetation and a 
like amount of oxygen. For balanced pniduction ot 
wood, the energy requirement of the world (19.^7) 
could be satisfied with about 8,000.000 sq mi of 
forest, about one-half the total forested area of the 
world, but this assumes no other demands upon 
wood — no lumber or paper. As a matter of fact, in 
many parts of the world, wood has been cut at 
much too rapid a rate. The peak of production qf 
wood in the United States was reached in 1907, and 
production has been declining irregularly ever 
since. 

Wood is relatively expensive (and energy con- 
suming) to transport as fuel. For widespread dis- 
tribution of energy, vegetation must be converted 
to a liquid, that is, to alcohol by fermentation or to 
gasoline by the Fischer-Tropsch process. But the 
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processing of al] food crops in the United States 
would give less than half enough fuel to operate 
motor vehicles. The more expensive processing of 
all agricultural wastes would give only 30%. Costs 
would be unreasonablv high, and more than three 
times as much energy can be obtained bv burning 
vegetation directly as by burning liquid deriva- 
tives. 

Work on the single-celled alga, Chlorella pyreno^ 
ido^a, has shown that it is possible to oluain a 
manv-fold increase in the efficiency of utiliration 
of sunlight through the ageni y of ( hlorophyll. Such 
marine vegetation as Chlorella could, of course, be 
used as fuel, but to produce enough fuel to operate 
motor vehicles alone would require an area for cul- 
tivation about the size of the state of Louisiana. 
Industrialiration of photosynthesis is in its infancy 
and may have a brilliant future. The remarkably 
efficient job d<»ne by chlorophyll for the endother- 
mic photochemical reaction of photosynthesis has 
been just about equaled bv such svnthetit dyes 
and inorganic chemicals as thionine and ceric per- 
chlorate. Research tm liquid and solid photogal- 
vanic cells mav some day lead to direct conversion 
of s<ilar radiation to electric power. 

Utilization as heat. The simplest utilization of 
quantum energy is, of course, in development of 
heat. In Arizona, it is estimated tliat about 440.000 
hp-hr per annum pet acre in the fotm of t»ower 
might be developed fiom solar eneigv This is more 
than se\en times as much power as could be gen- 
erated bv burning the balanced pioduc'tion «if ter- 
restiial vegetati<m from a fertile acre, but to pro- 
duce bv cqitu'al means all the heat and power con- 
sumed in the United States in 1957 would require 
an area of .50,000 sq mi of arid countr> with maxi- 
mum sunshine The m<»si efficient and economical 
method of optical captuie mav be the flat-plate 
follec‘tor (two or more panes of glass backed b\ a 
black sheet of copper), but much attention has 
bec*n paid also to optical concentration of sunlight 
with mirrors, which is capable of attaining temper- 
atures approaching 7000®(] The mafor pioblems in 
using solar heat for power (aside from cost) are 
the osf illation between night and day and the lack 
of known means for massive storage of eneigv. 

For space heating, the major difficulties are that 
buildings are not all in sunny climates, and solar 
heating in most areas of congested living- city 
houses, apartments, hotels, and office buildings - 
would seem to be out of the question. Storage of 
sedar heat has been reasonably solved with insu- 
lated masses of water or with chemicals that have 
high heats of fusion and that melt between 85 and 
llO^F. Some saving of fossil fuel consumption will 
undoubtedly be made bv solar space heating, and 
some use of solar heat is being made now in south- 
ern states foi heat mg of domestic water supplies. 

Solar eneigy can be made to fnnc'tion as a useful 
auxiliary to the heat-pump. The coefficient of per- 
formance of the heat-pump is raised by supplying 
heat to the evaporator. The advantage of providing 
a source of heal at reasonably high temperature is 
that smaller heat-pump equipment is required, thus 


smaller interest on investment. Solar-heat collec- 
tors, under some circumstances, can accomplish 
this result, and devices for storage of heat can 
theoretically lower peak demand for electric power 
by collecting heat in mild weather to deliver in ex- 
tremely cold weather. Solar-heated houses have 
been built in Dover, Mass., in Cambridge, Mass., 
and In Phoenix, Ariz. Under relatively unfavorable 
circumstances, it has been found possible to supply 
about 80% of needed comfort-heat with solar en- 
ergy. In Arizxma, the proportion is nearer 100% 
However, until economic* pressure exists, no house 
is likely to be built to employ all devices for opti- 
mum fuel economy. .See Eni-rgy soiircfs; Fun, 
Heat pump; Insolation; PtfOTociii-MisTRY; Puo 
TOSYNTHfcSlS; SoLAR BATTERY; Soi AR ENGINE; So- 
LAR RADIATION; WaIFR POWER. |f.A\ | 

Solar engine 

An energy conversion device using solar radiation 
as primal y source. In produce either thrust oi 
auxiliary power. A measure of the radiative energy 
available to operate a solar engine is the solai con 
slant which in space, at mean distance of Eaitli 
from Sun, has the value = l.,f6 erg (cm ) 
(sec ) — I..36 kw^m-’ — 92 fl-lb/fft-) (see ) -w • 
cal/{cm^) (sec). Its variation with solar distance 
is shown in Fig. 1 The useful applicaticm of scolar 



Fig. 1, Ratio of local solar constant to solar constant 
at Earth's distance. 




energy apparently is restricted to the inner solar 
system. 

Reflector boiler. One way to use solar energy in 
space is to collect it in a focal area, occupied by a 
boiler, to heat a working fluid which can he either 
expelled to produce thrust directly, called a solar 
heat exchanger drive (SHED), or used to drive a 
turbine-generator system producing electrical en- 
ergy, called a solar turboelec trie drive (SI'ED ) . 

At Earth’s distance, large reflector areas are 
needed. Therefore, the collector must be of light 
weight. The lightest designs proposed so far in- 
volve transparent polyethylene spheres, stabilized 
by low piessure or electrostatically Half the sphere 
is coated with a highly reflective materidl (Fig. 2). 



0 maximum intensity radiation flux 
I I amount of total radiation flux 

Fig 2. Optical characteristics of collector sphere for 
solar-heated drive. 


Electrostaticallv stabilized spheres would be less 
sensitive to meteoritic dust than gas-filled ones. 
A spherical collector focuses solar rays on an 
optical axis equal to half the radius (Fig. 2). This 
property allows more eflicient heating with reduced 
radiation losses from the boiler surface than a 
parabolic reflector, which is valuable chiefly if high 
local temperatures are required. A representative 
SHED design is shown in Fig. 3. The best woiking 
fluid is hydrogen. The best duct material is tung- 
sten, which allow.s the highest heating tempera- 
tures. Figure 4 .shows the basic performance data* 
for a SHED at Earth’.s distance. The STED is, in 
principle, similarly de.signed. 

Photovoltaic coll. Solar radiation is converted 
directly into electricity by means of the photovol- 
itiic effect, which produces an electric current if 
I he junction of two dissimilar metals is illuminated 
(*ec Solar battery). The most widely known 
photovoltaic cell consists of a silicon crystal whose 
radiation-exposed surface is treated by diffusing 
boron to the depth of about 1 micron. The crystal 
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Fig. 3. Typical solar heat exchanger spacecraft. Hy- 
drogen container and two exhaust nozzles lot its poles 
are close to heater behind reflector. Gondola and trim 
weights are farther out to balance collector weight 
and keep over-all center of mass on thrust axis. 


is about ^ millimeter thick. Absorption of light 
quanta c auses an elcclric current (0.5 1 milliwatt). 
Photovoltaic tells are temperature sensitive (out- 
put decreases b\ 5()^T between 100 and 300®F) and 
extiemely fragile. Their efficiency is 10 12<^ . 
Presently available cells with support structure 
weigh about 350 lb kw, but mav be reduced to half 
this value. At present, no practical method exists 
loi using photovoltaic cells for large powei tiut- 
puts (kilowatts). 



Fig. 4. Area requirement for rodiotion collectors ot 
Eorth's distonce. 
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Fig. 5. Radiation pressure of the Sun (for normal in- 
cidence and perfect reflection). 


Photon reaction. Radiation pressure could serve 
directly as a space drive. The solar radiation pre.s- 
siire is extremely small (F'ig. S). By properly in- 
clining a reflective membrane in an orbit, one ob- 
tains a slight accelerating or retarding force. The 
membrane must be extremely light. A 0.1 -mil thick 
reflec’tive polyethylene foil weighs about 8.8 X 10'^ 
lb'Tt“. Assuming that each square foot is loaded on 
tht‘ average by 7.92 X 10' lb for accessories and 
payload, total weight equals 8.8 X 10 lb/ft‘^. 
Under these conditions, at 45° inclination to the 
Sun’s rays at Earth distance, the vehicle is acceler- 
ated in its orbit at 1.1 X 10 (flight time to 
Mars over 2 years), requiring a reflector surface of 
12.700 ft- /1 00 lb accessories and payload. Electric 
and magnetic forces in space, and gravitational 
torque, may prevent adequate control of such large, 
extremely thin foils. fK.A.E.] 

Bibliography: K. A. Ehricke, The Solar-Powered 
Heat Exchanger Drive, Convair-Astronautics AZM- 
074. 1959: K. A. Ehricke, The Solar-Powered 
Space Ship, Am. Rocket Soc. Paper 310-356, 1956; 
P. Rappaport and J. J. Loferski, New solar con- 
verter materials. Proc, 11th Annual Battery Res. 
and Dev. Conf.^ 1957. 

Solar heating 

Thilizing the energy of solar radiation to produce 
heat. The Suri*« heat energy has been used to heat 
hiiiises and domestic hot water, to cook food, to 
melt metals and refractory materials at tempera- 
tures approaching 7000°C. and to operate solar 
heal engines of various types. See Solar knergy. 


House heating. Several solar-heated houses have 
been built. Such houses require a heat-collecting 
mechanism and a device in which heat can be stored 
during the day, to be withdrawn at night or on 
cloudy, overcast days. One of the first successful 
solar-heated houses was built in Cambridge, Mass., 
in 1948. Its heat collector consists of an expanse 
of glass-covered black metal surfaces 10 ft high and 
72 ft long, so oriented as to receive maximum radia- 
tion from the Sun. The glass passes about 90% of 
the Sun’s light and infrared radiation. The black 
surface under the glass absorbs this radiation and 
is warmed by it. Air circulated over the black sur- 
face is warmed and can then be used to heat I he 
house. Part of the warmed air is also passed 
through the heat-storage devne. 

The heat-storage device? consists of sealed cans 
containing approximately 21 tons of a chemical 
salt, which absorbs heat from the heated air pass- 
ing around the cans. The chemical salt melts at 
approximately 90°F and. in melting, absorbs con- 
siderable heat (called the heat of fusion), which 
it will give up when it solidifies as the heat is with- 
drawn. 

Other materials can he used t«» store heat. A 
house completed in 1958 in Lexington, Mass., uses 
water. In this house, the heal collector consists of 
640 ft^ of glass, two layers thick, over a tliin alumi- 
num sheet painted black. Water circulates through 
copper tubes attached to the aluminum sheet, and 
as it is heated, enters a 1500-gal storage tank which 
is the heat-storage device. Although this house has 
a small auxiliary oil furnace for emergency heat- 
ing, the solar-heating system is designed to provide 
adequate heat for up to three dark, cloudy days in 
a row (provided the storage lank has been able to 
store sufficient heat). 

A system similar to that used in the Lexington 
house has been successfully adopted in the soiitli- 
ern and southwestern parts of the United States to 
heat domestic hot water; similar systems are also 
used to warm the water in swimming yuiols. 

Solar cooking. Inexpensive solar cookers have 
been designed and are being supplied to peoples 
of depressed areas of the world where fuel supplies 
are scarce or relatively expensive. Tliese cookers 
have reflectors to concentrate the Sun’s rays on the 
container holding the food to be cooked. 

Solar furnace. The solar furnace makes use of a 
parabolic reflector that focuses solar radiations in 
a small region. Materials held at the focal point 
will be heated to high temperatures. Since tem- 
peratures approaching 7000°C have been reached 
with solar furnaces, many experimental activities 
are possible. Solar furnaces are being adapted for 
vacuum melting of certain metals because this 
method avoids contamination of the metal from 
heating fuel. 

Solar heat engines. Several solar heat engines 
have been built. The type uses flat or parabolic re- 
flectors to concentrate heat in a steam boiler; the 
steam then drives a steam engine or turbine. An- 
other depends upon the heat action on a series of 




thermocouples to produce electricity directly. As 
these engines need a constant source of sunlight, 
they are available only for intermittent operation. 
See Solar battery; Solar engine; Solar radia- 
tion. [w.H.c.] 

Bibliography: American Society of Heating and 
Air-Conditioning Engineers, Heatings Ventilating^ 
Air-Conditioning Guide, vol. 37, 1959. 

Solar radiation 

The electromagnetic radiation emitted by the Sun. 
Solar radiation represents nearly all solar energy. 
Its quantitative measurement is a very difficult 
problem of fundamental importance in determining 
the amount of energy generated in the Sun and its 
surface temperature. The best determination of the 
solar constant indicates a total energy output of 
3.86 X ergs/sec and an effective surface tem- 
perature of 5780®K for the Sun. Sec Sun. [ j.w.e.] 

Solar system 

Tbe Sun and the bodies moving about it. The solar 
system consists of a star, the Sun. and associated 
bodies: planets, the satellites of the planets, aster- 
oids, comets, and those meteor swarms that move 
about the Sun. 

The planets move about the Sun in elliptic orbits 
of moderate eccentricities: 0.007 for Venus to 0.2.5 
for Pluto. The orbits lie nearly in the same plane, 
Pluto having the greatest inclination. The asteroids 
have greater eccentricities and inclinations than 
the planets. See Asteroid; Celestiai. mechanics; 
Comet; Meteor; Planet; Sun. 

Various theories have been set forth from pres- 
ent evidence for the formation of the solar system. 
The planets and other bodies are revolving about 
the Sun with considerable momentum. The ter- 
restrial planets. Mercury, Venus, Earth, and Mars, 
have significantly higher densities than the major 
planets. To account for these observations G. K. 
Kuiper assumes that as interstellar matter con- 
densed to form the Sun, the matter broke up into 
eddies. The eddies contracted to form planets and 
s^atellites. H. C. Urey further postulates that the 
heal of compression so generated raised the lighter 
gases, chiefly hydrogen and helium, to their escape 
velocities at the surfaces of the terrestrial pljuaets. 
The light gases were then swept away by the radia- 
tion pressure of the Sun. See Cosmogony, [d.i..] 

Soldering 

The joining of metal by causing a lower-melting- 
point metal to wet or alloy with the joint surfaces 
and then freeze in place. A solder is defined as a 
joining material that melts below 427®C (800°F) ; 
(grazing alloys melt above this temperature. Solders 
are used to establish reliable electrical connec- 
tions, to make a liquid- or gastight joint, and to 
hold parts together physically. Most soldered joints 
'^ill sustain loads of only 150-250 psi for long pe- 
riods of time. The usual practice is to rivet, crimp, 
tir otherwise support the load and to seal the space 
^ith solder. 
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Solder alloys. The most commonly used solders 
are alloys of tin and lead that melt below the melt- 
ing point of tin. Antimony, bismuth, cadmium, sil- 
ver. and arsenic are sometimes added to improve 
strength, wetting qualities, or grain size or to pro- 
duce alloys having desired melting ranges. 

The melting range and other features of all tin- 
lead compositions are shown in Fig. 1. An alloy of 
composition E, the eutectic, freezes uniquely at a 
single temperature, 183°C. All other compositions 
freeze over a temperature range in which liquid 
and solid coexist. Thus, an alloy near 38% tin gives 
a mushy mixture which can be manipulated with 
cloth pads to wipe joints, as in plumbing and in 
lead-cable splieJng. 

The microstructure of a 38% tin solder frozen in 
contact with copper is shown in Fig. 2. The tin- 
copper compound is exaggerated for illustration 
by prolonging the freezing time. The two-stage na- 
ture of freezing is apparent. 
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Fig. 1. Constitution diagram of tin-lead olloys. 



Fig. 2. Photomicrogroph of 38% fin-62 % load solder 
frozen In contact with copper. 
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In order that surfaces will accept solder readily, 
they and the solder must be free from oxide or 
other obstructing films. When necessary, parts are 
cleaned chemically or by abrasion. Also, readily 
solderable coatings such as gold, silver, or tin may 
be applied. Even so, fluxes are usually used. 

Fluxes. Fluxes range from very mild substances 
to those of extreme chemical activity. For centuries 
rosin, a pine product, has been known as an effec- 
tive and practically harmless flux. It is used widely 
for electrical connections in which utmost reliabil- 
ity, freedom from corrosion, and absence of elec- 
trical leakage are essential. When less stringent 
requirements exist and when less carefully pre- 
pared surfaces are to be soldered, rosin is mixed 
with chemically active agents that aid materiallv 
in soldering. The activated rosin fluxes are offered 
bv most leading solder manufacturers. The rosin 
type fluxes mav be incorporated as the core of 
wire solders or dissolved in various solvents for di 
rect application to joints prior to soldering. 

Inoiganic salts are widely used where stronger 
fluxes are needed. Zinc chloride and ammonium 
chloride, separately or in combination, are most 
common. They may also be obtained as so-called 
acid core solder wire or in petroleum jelly as paste 
flux Many special purpose salt mixtures are on the 
market. All of the salt type fluxes leave residues 
after soldering that may be a corrosion hazard 
Washing with ample water accompanied by brush- 
ing is generally wise. 

Application. Under the usual favorable condi- 
tions, solders wet the joint surfaces well enough to 
he drawn into fine crevices or capillaries bv surface 
tension. Joints such as lap seams or wires wound 
on define terminals are designed with this in 
mind 

In applying solders, joints are heated by solder- 
ing irons, torches, induction heaters, furnaces, or 
bv immersion in molten solder. In the first two in 
stances, solder is fed to the joints by hand In the 
third and fourth, pieformed shapes are placed 
close to the joints before fluxing and heating 

Gold, copper, silver, tin, lead, and brass are ex- 
amples of readily solderable materials; iron, 
nickel, and rhodium are moderately difficult. Stain- 
less steel, nichrome, and germanium are typical 
materials requiring the strongest fluxes Materials 
such as tungsten usually must be electroplated first 
with more solderable metals to permit solder at- 
tachments. See Brazing; Welding and cutting 

01- MFTAIS. [c.M.B.l 

Bibliography: American Society for Metals, 
Metals Handbook, 1948 

Solenoid (electrical) 

An electrically energized coil of insulated wire 
which produces a magnetic field within the coil. 
If the magnetic field produced by the coil is used to 
magnetize and thus attract a plunger or armatuie 
to a position within the coil, the device may be con- 
sidered to be a special form of electromagnet and 


in this sense the words are synonymous. In a wider 
scientific sense the solenoid may be used to produce 
a uniform magnetic field for various investigations 
So long as the length of the coil is much greater 
than its diameter (20 or more times), the magnetic 
field at the center of the coil is sensibly uniform, 
and the field intensity is almost exactly that given 
by the equation for a solenoid infinite in length 

Two identical solenoids of radii r units and 
spaced r units apart on the same axis constitute a 
Helmholtz coil. A uniform magnetic field is pro- 
duced bv such a device along the axis in the cen- 
tral space between the solenoids. 

When used as an electromagnet of the plunger 
type, the solenoid usually i^as an iron or steel cas- 
ing. The casing increases the mechanical force on 
the plunger and also serves to constrain the mag- 
netic field. The addition of a butt or stop at one 
end of ihe solenoid greatly increases the force on 
the plunger when the distance between the plunger 
and the stop is small The illustration shows a steel 
clad solenoid with plunger and plunger stop. The 
relation of force versus distance with and without 
the stop IS also shown. 

The force for the solenoid lapidly increases as 
the plunger enters the toil due to the rapid rate oj 
change of reluctance of the magnetic path The 
force is then relatively constant and its maximum 
value is approximately 
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where / is the current in amperes, N is the number 
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Steel-clad solenoid with stop, (a) Cross-sectional view 
(b) Relation of force acting on armature to disploc*' 
ment of armature. 
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of turns, A is the cross-sectional area of the plunger 
ill square inches, L is the solenoid length in 
inches and Ki% b, parameter of the coil design and 
the material and dimensions of the plunger. 

In principle a solenoid works with either ac or 
dc excitation. In the dc solenoid the flux is always 
at its maximum value. In an ac solenoid the force 
vanes at twice the frequency of the supply voltage. 
The variation, which is caused by the variation of 
the magnetic flux, gives rise to excessive chattering 
nr vibration unless a shading coil is imbedded in 
the face of the plunger stop. The shading coll acts 
to smooth the variation of flux and attractive force. 

When dc is used, only the resistance of the coil 
wire limits the final value of current, while with ac 
excitation the inductance of the coil must also be 
considered. It is difficult to calculate the proper 
value of inductance, because it is a function of the 
position of the plunger. As the plunger moves into 
the solenoid, the inductance, or flux per ampere, 
bc( omes much greater because the reluctance of the 
flux path is much less. The current drawn by the 
< oil foi Kinstcint applied d( voltage become** smaller 
as the plunger moves into the solenoid. It is <<im- 
riion pra<H(e to laminate the plungei, stop, and 
lasing in ac service to reduce the eddv current 
losses that would otherwise be incurred. See Ei ht 
IKOMACNl* I I J t 

liibliographv: A E. Knowlton (ed ), Standard 
Handbook for Elertrual Engineers, 9th ed , 1957. 
r Mollov, M G. Say, R C Walker, **Elertnral 
kngineer^' Refer erue Rook, 5d ed . 1948: H Pender 
and W A Del Mar, Electrical Engineers* Hand 
hook, vol 1, 4lh ed , 1949. 

Solenoid (meteorology) 

In meteorological usage, solenoids are hypotheii- 
4 ill lubes formed in space by the intersection of the 
set of surfaces of constant atmospheric pressure 
^isobaric surfaces) and the set of surfaces of con- 
stant specific volume of air (isostcric surfaces) 
The isobarir and isosteric surfaces aie such that 
the value of pressure and specifie volume, respec- 
tively, change bv one unit from one surface to the 
next When the state of the atmosphere is baro- 
tropic, there are no solenoids .See BAROfiiNir 
i-TiLD; Rarotropic held: Isopycnk. 

Solenopora 

A genus of extinct calcareous red algae. The plants 
resembled the coralline algae in secreting calcium 
carbonate within and between the cell walks, but 
had much larger cells, commonly polygonal in out- 
line, which formed rounded nodular or hemispheri- 
«a1 masses in most cases. The genus appeared in 
Late Cambrian and lasted until the Cretaceouf*; 
h flourished during the Ordovician, Silurian, Mis- 
*'i*isippian, and Jurassic. See Algay fosshs: 
CoRAT I INK AU.AK. [ J.II.J.] 

Ribliographr: J. H. Johnson, Introduction to the 
''tiidy of rook building algae. Quart. Colo. School 
Wiwev, 49(2):46-51, 1954; J. Pia, Ncue Arbeilcn 


iiber fossile Solenoporaceae und Corallinaceae, 
Neues Jahrb. Mineral. Geol., Referate 3:122, 1930; 
J. Pia, Sammelbericht iiber fossile Algen: Soleno- 
poraceae 1930 bis 1938, Neues Jahrb. Mineral. 
GeoL, 3:731-760, 1939. 

Solid (geometric) 

A geometric solid, usually called a solid, is a set 
of points forming a finite portion of 3-dimensional 
space, continuously joined together, and separated 
from the rest of space by a set of points called 
its boundary. An interior point of the solid is a 
point / such that all points of space within a suffi- 
cientiv small positive distance d from / are points 
of the solid. A boundary point is a point B such 
that, no inattei how small a positive distance d is 
chosen, there are points of the solid and points not 
of the solid within distance c/ of Zf A plane section 
of the solid consists of the points common to the 
solid and to a given plane that intersects the solid. 
A bounding section contains boundary points but 
no interior points of the solid. Any twe^ bounding 
sections cut bv parallel planes may he called base** 
of the solid. The distance between these planes is 
then called the altitude, and the section by a plane 
halfwav between the bases is railed a midseclion 
of the solid. A solid is railed convex if every line 
segment joining a pan of its points belongs to the 
solid. See Polyhi-dron; Suriack and solid of 

Rl-VOr PIION [ j.s t.| 

Solid solution 

A homogeneous crystalline phase composed of sev- 
eral distinct chemical species Thermodynamically 
and physically, a solid solution is completelv anal- 
ogous to the more common liquid solution except 
for the existence of a regular crvstal laoice. The 
various substanc es are distributed essentially at ran- 
dom among the various lattice sites. For example, 
in alloys of silver with gold, in which solid solu- 
tions of all compositions from lOO^r siKer to lOOCi 
gold are possible, a regular face-centered cubic 
lattice exists in which each atom is surrounded by 
12 equidistant atoms, hut no long-range order exists 
in the distribution of the two kinds of atoms. 

A small degree of solid-solution foimation must 
exist in all systems with two or moie components, 
but this may be too small (frequently less than 
0.001 ) to he of any practical significance. Exten- 

sive solid-solution foimation cun occur only when 
the molecules nr atoms of the two substances aie 
very similar in size and shape. Solid solutions com- 
monlv are found in mixtures of monatomic sub- 
stances (silver and gold, potassium and rubidium, 
or argon and krvpton), but are less common for 
polyatomic substances because of shape differences. 
When size, shape, and energy factors are all nim- 
patihle (for example nitrogen and carbon monox- 
ide. tcr<-but\l chloride and carbon tetiachloride. so- 
dium chloride and sodium bromide. fliioren«' and di- 
phenylcne oxide), the two polyatomic solids are 
misc'ible in all proportions. 
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When solid solutions are formed, the addition of 
a solute need not produce depression of the melting 
point. The usual methods of measuring mixed 
melting points to identify a substance are no longer 
applicable, and cryoscopic measurements of molec- 
ular weights become invalid. 

In 1899, Bakhuis Roozeboom classified solid so- 
lutions into five types, depending upon the shape 
and character of the phase diagrams. For some typ- 
ical phase diagrams, see Equilibrium, phase. See 
Alloy structures; Crystal structure. Tr-l-s.] 

Solids pump 

A device used to move solids upward through a 
chamber or conduit. It is able to overcome the large 
dvnamic forces at the base of a solids bed and cause 
the entire bed to move upward counter to the force 
of gravity. 

Solid*^ pumps are used to cause motion of solids 
in process-type equipment in which treatment of 
solids under special conditions of temperature, oxi- 
dation, and reduction can be combined with upward 
motion and discharge of the spent solids overhead 
from the reacting vessel. 

Solids pumps aic inherently of the positive dis- 
placement type. One practical method uses a re- 
citJioi ating piston mounted on a trunnion per- 
mitting it to swing into an inclined position for 
filling and then to swing back into vertical position 
lor discharge. Figure 1 shows a mechanically 
diiven solids pump in four positions through its cy- 
cle of operation. In position (a), it is filling with 
solids fiom the inlet hopper; in position (6), the 


hopper . 


inlet hopper ^discharge vessel 

fa F 

piston 

trunnion 




Fig 1 (o~d) Mechanically driven solids pump. 



Fig. 2. Hydraulically operated solids pump. 

piston is rotating on a trunnion toward its dis- 
charge position; in position (r), it is in discharge 
position and the piston is pushing the chaige of sol- 
ids upward; and in position (d), the piston is ro- 
tating back toward the original filling position 
Figure 2 shows a large hydrauli«‘ally operated 
pump used in units of capacity exceeding 1000 
tons/dav. Hydraulic activation permits vei> precise 
control of the feeder mechanism and good cfficienc > 
in operation. 

The solids pump has found its principal appln a- 
tion in the operation of oil-shale retuits. Here it is 
used to feed ciushed shale into the bottom of a 
conical vessel and as the shale moves upward 
through this vessel, air is drawn downward counter 
current. At the top of the retort, the air bums the 
residual carbon on the shale ash. The hot flue gas 
so produced contacts shale in the midpoint of the 
reactor, educting the shale oil. These vapors to- 
gethei With the flue gas are c'ooled, and the oil con- 
densed on the shale at the bottom of the retort. The 
oil flows out the bottom counlei current to the up 
going bed of shale. See Bulk-handling machinis. 
Unit operations. Lt ] 

Solid-state chemistry 

The solid state of matter is characterized by a 
regular geometric arrangement of the atoms, ions, 
or molecules constituting each solid substance. 1 he 
properties of solids are ciependent on the nature of 
their ultimate structural units (atoms, ions, or 
molecules), the manner in which these are united, 
and the resulting electronic relationships. The 
properties relating to these factors are often al- 
tered as a consequence of deviations from the 
idealized geometric structure. 

Simple ionic solids. Simple electrovalent salts 
have some of the most easily understood solid 
structures. These substances are composed of dis- 
crete monatomic cations and anions, arranged in a 
regular crystal lattice in a manner such that each 
cation is surrounded only by anions; convcrsclv* 
anions are surrounded only by cations. The halides 
of the alkali metals provide familiar examples of 
such structures. In sodium chloride, each sodium 





ion (Na+) is surrounded by 6 chloride ions (Cl ). 
The sodium chloride structure belongs to the cubic 
system of crystals which is shared by all of the 
alkali metal halides except CsCL CsBr, and CsT. 
Many other substances, such as the oxides and 
sulfides of the alkaline-earth metals, certain allots, 
and some nitrides and cai bides, also exhibit this 
arrangement of atoms. The cesium chloride struc- 
tuie is an example of a body-centeied cubic struc- 
ture. 

The presence c»f positive and negative ions al- 
tcrnatelv arranged throughout d 3-dimensiona1 lat- 
tice gives rise to the pioperties of simple electio- 
vdlent salts. The electrostatic attraction between 
these oppositely charged ions produces stable crys- 
tals from Hhich the constituent ions mav be sepa- 
lated only at the expense c)f considerable energy, 
thus giving rise to lelatJvely high melting points 
and a fair dcgiee of haidness. Because bc»th the 
ions and tlieir elec lions are ccmfined to definite 
legions in space, these purely electrovalent salts 
are. in the ideal case, noncondu<*tors of electricity. 
Then hiittlcMiess mav he explained in terms of the 
nonecjuivalenc e of the adiac'ent atom sites in the 
civstdl lattice. A sheaiing motion would bring 
dionis of like c haige into c lose pioxiniity, resulting 
in lepulsion and c IcMvage 

The complete determination of the crystal stiuc- 
luics of cdec trovalcmt subslaiic es provides irilorma 
lion regaidifig the distance between the centers of 
the neighboring positive and nc^gative ions. If it is 
assumed that the positive and negative ic»ns will lie 
diawn together bv the elec ti(»static force aiising 
from their opposite charge's until the lepiilsion 
caused by thcdi extianuclear elections clauses them 
to come to ic'st, then this distance betwec'ii centers 
may be regarded as the sum ot the radii of the 
two ions The crystal radii deduced bv Tanus Paul- 
ing are given in Table 1 Values for crystal radii 
rnav be calculated for species which probably do 
not exist in a puieh ionic stale Because the ineas- 
uiement ac'tually provides the distance between the 
centers of two atoms, their ionic nature is not di- 
rc*c*tlv confirmed. 

In addition to those ionic solids which are com- 
posed of simple ions, many ionic crvstals contain 
discrete complex ions. The salts of the famUiltr oxv 
acids, such as NaNOy, K^SOi, and Na^POi. con- 
tain discrete complex anions. Similarly, complex 


Table 1. Crystal radii of a-subgroup Ions, in angstroms 
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cations arc NH4^ N(CHi)j+. and The 

cationic and anionic metal complexes, such as 
|Co(NHh)oP\ [Pt(NH.),l^\ 

IFefCN).]^ rCo(NO,)«l^ , [Hgl,]- , rPHCliJ^-, 

and al'*® form ionic crvstals. In most 

cases, these may be packed together with ions of 
opposite charge (either simple or complex) in 
much the same manner as is true of simple ions. 
For discussions of the structures of the individual 
complex ions, .see Chlmk Al SlRrcTimF.s; CooR- 

DlNAllON ( HfcMlSlRY. 

A particular property of crystals of these classes 
is their continuous nature. For example, the simple 
units (unit cells) of sodium chloride and c'esiiim 
chloride lepeat throughout the solid, in this way 
generating the maciosc'opic crystal and communi- 
cating to it some of the geometric propeities of 
the unit cell. In addition to the ionic ciystals just 
descTibed, this continuous nature is shared bv other 
tv pcs of substances. Among these are metals, alloys, 
solid inert gases, and a variety of materials involv- 
ing continuous covalent bunding throughout the 
civstal lattice. Certain hvdiogen-hondcd mateiials 
also approximate this behavior Ice is the classic 
example of this latter gioup of substances. See 
f^RVSl At STRl'f ri'Rt. 

Van der Waals structures. The inert gases are 
c'omposed of spherical monatomic molecules which 
crystallize* al low temperature to form solids having 
the* c’ubic dose-packed structure. This structure is 
also desi ribed as face-centered cubic, for obvious 
Teason**. As a consc'quence of the nature of the 
incit gas atoms, the only fences responsible* for 
holding these solids aie the weak attractions called 
van dc*i WaaJs forces l&ee Cufmical binding). 
Simildi stnictuies aie eiicounteied among some 
leldtivelv complex molecular substances in certain 
insiuni es in which the molecules are free to rotate. 
Examples are found in solid HCl, N^, and In 
substances such as ihese, the rotation may cease 
sharply at a charac*lerislic temperature as the solid 
IS coolc*d, thus producing a structure of lower sym- 
metry. 

Weak interactions are largely responsible for 
the aggregation of the molecules of many covalent 
substances in addition to the simple examples dis- 
cussed. Although much variety may be found in 
the manner in which such molecular substances are 
arranged in the solid state, their most significant 
properties arise from their molecular structures, 
rather than their crystal structures. Low melting 
point, high volatility, softness, and very low elec- 
trical conductance are typical properties of these 
weakly bound solids. 

Covalently bonded structures. Solid materials 
which are united throughout by covalent bonds. ex- 
hibit properties quite different from those of mate- 
rials involving discrete molecular units. The great 
strength of the covalent bond is manifested in the 
hardness, very high melting points, and extreme 
stabilities of these solids. Perhaps the most famil- 
iar example is the diamond, which is composed of 
tetrahedral carbon atoms joined by single covalent 
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bonds to each of four other identical carbon atoms. 
The resulting crystal is composed of a single mole- 
cule because the 3-dimensional network of covalent 
bonds extends throughout. The diamond structure 
is shared by a number of other substances, such as 
silicon, germanium, carborundum (silicon carbide), 
and the cubic form of boron nitride. Zinc blende 
(ZnS) also possesses the diamond structure, as do 
the seienide and telluiide of ainc. The same struc- 
ture is encountered also among the sulfides, sele- 
nid.es, and telliirides of Be, Cd, and Hg, and among 
the phosphides and arsenides of aluminum and 
gallium. The wurtzite structure is closely related, 
involving tetrahedral bonding between alternate 
electropositive and electronegative atoms. In all 
cases, there is reason to believe that the bonds aie 
not purclv ionic but might well be relatively cova- 
lent in nature. 

Numerous other 3-dimensional continuous struc- 
tures aie known to exist; however, none of these 
is related to the structure of a free clement Quart/, 
rutile, and < otundum are examples 



Fig. 1. Structure of graphite. Only a single layer of 
carbon atoms is shown. 


x>o<x 


• Pd O O 

(a) 



(b) 

Fig. 2. One-dimensional continuous structures, (a) 
PdCl 2 structure, (b) jS-SOg structure. 




Fig. 3. Zeolite separates molecules on basis of size 

and shape. {Linde Company) 

% 

Two-dimensional and one-dimensional infinite at 
lays are equally common among solid structures 
Examples of the 2'dimenbional structures will he 
discussed first. The carbon atoms in graphite (Fig 
1) are arranged in hexagonal polygons, extending 
in 2-dimensjonal array throughout the cry'^lal, thus 
producing a layer structure. Within the layer, each 
carbon atom is covalently bound (by hvdridi/cd 
orbitals) to three nearest neighbors, the fourth 
bond is a TT bond; however, the resulting 7 r-electron 
system extends throughout the layer. This fait rc 
suits in mobility of electrons and high electriial 
conductance. The forces between the layers are 
relatively weak so that it is easy to cause sbppagi 
along these layers. This latter fact accounts for the 
lubricating properties of graphite. Hardness and 
high melting point arise from the same source as 
in the case of the 3-djmensional structures. Boron 
nitride, BN, also exists in a hexagonal struituie of 
the graphite type. In BN, the boron and nitrogen 
atoms alternate throughout the layer structure. The 
mobility of the tt electrons is not so great in thi** 
instance as in the case of graphite, possibly indiiai 
ing the linking of boron and nitrogen atomb from 
different planes. M 0 S 2 provides an additional ex 
ample of a layer structure which is of interest be- 
cause the compound is known to be a solid liibii* 
cant. 

One-dimensional structures are found in ‘Jub 
stances such as PdCl 2 , SiS 2 , SOi, Se, and Te. Ex 
ampleb are given in Fig. 2. 
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Fig. 4. Layei structure of mica and talc. Oxygen 
atoms above silicon atoms are omitted. 


Infinitely extended complex ions. lonb of this 
t\|je are closely related to covalently bonded 
MiTiipoiinds. Thev are inoie complex because their 
stiurtiires involve continuous c'ovalent frameworks, 
which aie ionic in natuie, together with discrete 
ions of opposite chari^e. The silicates and alumino- 
nhcates represent an extensive senes of structures 
of this class I'he zeolites provide extiemely inter- 
esiinf; examples of 3-dimensjonal anionic stiuc- 
lures. Because of the open nature cif the anionic 
framework, zeolites exhibit remarkable properties 
in addition to those resulting from their continuous 
structures The cations in these crystals are lela- 
tivelv mobile and may be exchanged with other 
( ations upon contact with the appropriate solutions. 
The laige c'avities in the crystals provide sites for 
very strong adsorption of polar molecules within 
the crystal. The size of the apertures to these cavi- 
ties may be varied by structural modifications, 
thereby providing materials which can sort mole- 
(ules on the basis of size (Fig. 3). These materials 
have been called molecular sieves. The ultramarines 
rc‘semble the zeolites in structure; however, the 
feldspars, a third group of framework alumino- 
<>ilicates, are relatively compact. Typical foj^mulas 
are given in the following list. 


Aluminosilicate 

Feldspars 

Orthoclase 

Celsian 

Albite 

Zeolites 

Analcite 

Pollucite 

Thompsonite 

Ultramarines 

Ultramarine 

Sodalite 

Helvite 


Formula 

KAISiiOa 

BaAl2Si20R 

NaAlSi^Oa 

NafAlSiaOel-HaO 

Cs(AlSi206)*^H20 

NaCa2(AlsSi602o)-6H20 

Na8AloSi6024‘S2 

NaRAlr,Sio024*Cl2 

N aaAleSiaOa i * SO4 


•See Molecular sieve; Silicate minerals. 
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Two-dimensional anions are best exemplified by 
silicates, of which the micas and talc are the moat 
familiar examples (Fig. 4). Similarly, pyroxenes 
and amphiboles involve infinite chain .structures 
(Fig. 5). The structures of these materials are evi- 
dent in the macroscopic properties of the crystals; 
that is, the layer structure of mica and the fibrous 
nature of asbestos. 

The metallic state. A number of characteristic 
properties distinguish metallic structures from the 
types discussed above. The^^e are ( 1 ) high thermal 
and electrical conductivities, (2) metallic luster, 
(3) malleability and ductility, and (4) close- 
packed arrangement of atoms with large number 
of nearest neighbors compared to the number of 
valence electrons. The characteristic structures of 
metals are cubic close-packed, hexagonal close- 
packed, and body-centered cubic. The metals of the 
actinide series are the only important exceptions 
to these structures. The number of nearest neighbor 
atoms to a given mental atom is 12 in the first two 
structures, whereas the third involves IB nearest 
neighbors and 6 slightly more distant neighbors. 

The simplest concept which provides a rational 
explanation of the typical metallic properties is es- 
sentially a free-election model. According to this 
view, the valent e electrons of a metal are sub- 
stantially free to move about a lattice of positive 
ions, derived from the metal atoms by ionization. 
The expected mobility of electrons in metals is 
thereby explaiued. The malleability and ductility 
of metals are associated with the equivalence of all 
the lattice points and the relatively slight direc- 
tional property of the eneigy states confining the 
valence elec tions. \ more proper applic*ation of the 
same ideas may he made through the use of molec- 
ular oihital toiue|»ts. The c^iystal lattice of the 
metal is ronc'pixed tc» constitute a single molecule 
and molecular orbitals, extending over the entire 
crystal, are derived from the orbitals of the indi- 
vidual atoms. The number and energy spacing of 
the resulting molecular oihitals are related to the 
geometric arrangement of the metal atoms. In this 
way it is deduced that the valence electrons may be 
found in energy bands, composed of very closely 
spaced, discrete energy levels. It may also he shown 
that certain zones or bands of energy are for- 
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Fig. 5. Chain structure of anions in amphiboles. Ox- 
ygen atoms above silicon atoms ore omitted. 
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bidden ; that is, electrons are not permitted to have 
energies in these regions. A characteristic number 
arising from these con(*eptb is the numbei of elec- 
trons per atom which may be inserted into the 
lowest band of energies (or Brilloiiin zone). When 
this total number of electrons has been added, the 
band is filled and additional electrons would, of 
necessity, go into high energy states. The electrons 
enter the discrete energy levels within a band in 
accordance with the Pauli exclusion piinciple (that 
is, their spins are antiparallel if they occupy the 
same molecular orbital) . 

This view permits the systematization of the elec- 
trii al conductivities of metallic conductors, semi- 
conductors, and insulators. Paired electrons do not 
contiihijte to conduction. Therefore, it is only the 
unpaired electrons in Incompletely filled /ones 
which may conduct. The occupied Brilloiiin zones 
in insulators are completely filled. Conversely, a 
substdiK'e in which Brilloiiin zones are incompletely 
filled must be a metallic condiic tor The high elec- 
tiic conductivities of such metals as copper, silver, 
and gold are leadilv explained in these terms These 
three metals all exist in the t iibic close-packed 
structure and each presumably c ontributes one 
valence electron to the lowest energy band. The 
maximum ratio of electrons to atoms in the cubic 
close packed structure (first /one) is 2:1. Conse- 
qiienllv, the zone is only half filled In the case of 
insulators, conductivity is permitted only in the 
case that some of the electrons are promoted from 
the filled band to an eniptv band. The energy neies 
sdiy to accomplish this promotion is dependent on 
the energy difference between the filled band and 
the lowest unoccupied energy band Tins energy 
may be provided, depending on the individual ex- 
ample, by heat, by an electrostatic potential, or by 
the absorption of electromagnetic radiation (photo- 
c'onduction) See Band ihfory of solids; Brii- 
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Alloys and intermetallic compounds. In general, 
the melting together, or otherwise combining, of 
two metals may result in the formation of a new 
solid phase. Considering only binary systems (two 
metals), the new phases formed may be grouped 
roughly into the following three classifications: 
solid solutions; valency compounds; and electron 
compounds This classification is not all-inclusive; 
however it serves as an outline within which to 
systeiiiati/e the predominant structural types. See 
AlIOV STRlIf TTJRFS. 

Solid solutions Solid solutions are characterized 
by random substitution of the solute atoms for 
those of the solvent metal with retention of the 
structure of the solvent metal This represents the 
simplest possible manner of combining two met- 
als The lange of composition over which such solid 
solutions mav exin depends on the similarities of 
the two metals. It varies from zero to complete 
miscibility Complete miscibility is observed only 
among very similar elements, such as K-Rb, Ag-Au, 
As-Sb, Mo-W, Ni-Pd, and Ni-Co. In these cases, 
the pairs of elements are closely related in atomic 


size, crystal structure, and electronegativity (at- 
traction for electrons). Within pairs of similar 
metals, the range of composition is a function of 
the relative sizes of the atoms. This may be ration- 
alized from Vegard’s law which predicts that the 
unit cell dimensions in such a solid solution will 
vary linearly with the solute concentration. See 
Solid soluuon. 

In certain substitutional solutions of this general 
class, a tendency toward ordered rather than ran- 
dom array of the solute atoms is observed. This 
may be observed in solid solutions of copper and 
gold These two metals form a c ontinuous range of 
solid solutions, both metals exhibiting face-cen 
tered cubic structures At low temperatures, the 
atoms of each metal tend to congregate in the same 
plane, producing layer structures. 

Valency compounds Valency compounds repic 
sent the other extreme in alloy structure because 
they exhibit stoichiometries which might be pr^ 
dieted on the basis of the usual valencies of the 
metals which are combined. Further, the striiitures 
of these substances are those expected of salts hav 
ing similar formulas Some structures of valency 
compounds are listed as follows: antifliiuntr 
structure, Mg^Ge, Mg^Sn, MgjPb; anti Mn^O 
structure, MgiAs 2 , MgjSbi; sodium chloride 
structure, MgSe. » 

Substances of this class occ'iir among metals of 
substantial electronegativity difference These svs 
terns usually exhibit veiv limited solid solutnms 
and the resulting intermetallic compounds are ver\ 
poor electrical conductors (insulators or semiccm 
ductois) These properties do not necessarily re 
quire that these compounds be ionic The appbc a 
tion of the hand theory of metals to the fluoiite 
(CaFj) structure levcals that the electron atom 
ratio of the lowest energy band is % From the* 
formulas of Mgjfie, MgjSn, and MgjPb, it is clear 
that this band should be fillc*d and that these com 
pounds should be insulators See Intfrmi iai i n 

( OMCOUNDS. 

Electron (ompounds. Certain binary pairs oi 
metals, yvhose relative electronegativity difference' 
are intermediate between those pairs forming the 
two extreme classes of systems alteady discussed 
form the so-called electron compounds, oi Hunic 
Rothery compounds. In these binary systems, tlu 
progressive change in composition i« accompanic'd 
by a progression of phases, differing in crystal 
structure. 

a-phase jS-phase — » 

Face-cen tei ed Body-cen tered 
cubic structure cubic structure 

7-phase — > 6-phase 

Complex cubic Hexagonal close 

structure packed structure* 

The a-phase is that of the pure metal while the 
jS-, y-, and 6-phases are intermetallic compound" 
As shown in Table 2, phases of widely varymP 
stoichiometries may occur with these parti* 



structures. Table 2 also reports the ratios of va- 
lence electrons to atoms for these compounds, and 
it is quite apparent that these ratios have charac- 
teristic values for the structures of the three inter- 
metallic phases: )3-phase, %; y- phase, 
e-phase, %. In the cases involving Fe, Co, Ni, 
and Pt, these ratios are attained only by assuming 
that the metals named contribute no valence elec- 
trons. It should also be pointed out that Table 2 
has been constructed from the best examples of 
this behavior. The band theory of metals provides 
an explanation of these compounds. 7'his theory 
predicts that the lowest energy electron zone will 
be filled in the j9-phase at a ratio of 1.480 electrons 
per atom and that the critical ratio will be 1..S38 
in the ca.se of the y-phase. From the point of view 
of the band theory, the atom ratios of the most 
stable y-, and c-phases are not necessarily 
whole numbers. For example, in adding zinc atoms 
to copper, one is (according to this theory) merely 
increasing the number of electrons per atom by re- 
placing mon«)vaient atoms with divalent atoms. 
The initial structure, o-phase, will remain stable 
until the first Brillouin zone is about filled. The 
additional electrons must then go into a second 
/one of much higher energy. It is to be expected 
that a second structure having a greater electron 
to atom ratio in its lowest Biilloiiin z<ine might be 
mote stable. 

Interstitial compounds. The transition metals 
form a novel group of binary compounds with the 
lighter nonmetals, boron, carbon, nitrogen, and, to 
a limited exleiil, oxygen. These substances exhibit 
metallic luster and conductame. Some of these 
compounds are among the liatdesl and most intusi- 
lile substances known. The formulas, melting 
points, and relative hardness of several examples 
aie shown in Table 3. In addition to the examples 
cited, many other transition metal carbides, ni- 
tiides, and oxides have similar properties; it is of 
special significance that almost all of these have 
the sodium chloride structure. These materials pos- 
ses- properties tailing into two of the classifica- 
tions discussed above. Their extreme thermal .sta- 
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Table 3. Interstitial carbides and nitrides 


Fomiula 

Melting 

(Kiiiit, 

Hardness* 

Tie 

3410 

8-9 

ZrC 

.3805 

8-9 

HfC 

4160 


TaC 

4150 


WiC 

3130 

9-10 

we 

3130 

9 

Mo^C 

2600 


Mot: 

2840 


TiN 

3220 

8-9 

ZrN 

3255 

8 

TaN 

3360 



* Mohs scMile. based on harcIneoH of diamond as 10. 


bility, brittleness, hardness, and structure suggest 
a continuous covalent structure that is geometri- 
cally different from the diamond structure but of 
the same general Ivpe. On the other hand, the ar- 
compan>ing metallic conduction and luster resem- 
ble alloy systems. .See Ckrmet. 

Defect solid state. The considerations outlined 
above are c-onceived largely on the assumption that 
solids exist as perfect structures. This is not gen- 
erally true, although in many respects the devia- 
tions from the ideal are of slight importance. The 
level of impurities in most chemical substances 
does not fall below a few parts per thousand, and 
rarelv is it below a few parts per million. Also, 
many solid substances do not exhibit perfect inte- 
gial ratios of atoms in their stoichiometries. In- 
deed. these nonstoichiometric compounds are suf- 
ficiently common to have received the general name 
Berthollidc compounds. In addition to these fac- 
tors, materials of ideal purity and stoichiometry 
would still exhibit imperfections in the solid state. 
These latter imperfections belong to two cate- 
gories: crystal dislocations and lattice defects. The 
first category deals principally with nonideal struc- 
tures at the bounding surfaces and edges of crystals 
or microcrvstals, or with cooperative deviations 
from the ideal geometrical structures of (Tystals 
which extend over many atoms. This subject will 
not be considered further here. 


Table 2. Electron or Hume-Rothery compounds 



^-Phase 



7- 

■Phase 

e-Phase 

Cornf M)sit ion Elec*trons/a toms 

Composition 

Electrons/ntoms 

Composition 

Fllectrona/atoms 

CuZii 

(1 + 2)/2 

Oii5Zn8 

(5 + 16)/13 

CuZii) 

(1 + 6)/4 

AgZu 

(1 + 2)/2 

AgtZiin 

(5 + I6)/13 

AifZni 

(1 4- 6)/4 

AuZn 

(1 ■l-2)/2 

Au5Zn8 

, (5+16)/13 

AuZns 

(1 4- 6)/4 

CuftSn 

(5 + *)/6 

CuaiSiig 

(31 4- 32) /39 

CuaSn 

(3 + 4)/4 

CusSi 

(5 4- l)/h 

CuiiSig 

(31 4- 32)/39 

CuiSi 

(3 4- 4)/4 

Ak»A* 

(3 -1- 3)/4 



AgiAl* 

(5 4-9J/8 

CuaAl 

(3 + 3)/4 

CugAb 

(9 4- 12)/13 





NanPbg 

(31 4- 32)/39 



CoAl 

(0 + 3)/2 





CoZna 

(0 + 6)/4 

CofcZnai 

(0 4- 42)/26 



FeAl 

(0 + 3)/2 





NiAl 

(0 + 3)/2 







NisZnu 

(0 4- 42)/26 





PttZnai 

(0 4- 42)/26 
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The diffusion of ions through crystals, the semi- 
conducting properties, and the optical properties 
of many solid substances cannot be explained on 
the basis of the perfectly ordered lattice envi- 
sioned in the discussions above. The explanations 
of such phenomena follow from the understanding 
that a number of atoms or ions may be displaced 
from their lattice sites even in ideally pure, stoi- 
chiometric crystals. Two classes of crystal defects 
of this type are recognized. In the Frenkel defects, 
an ion, usually a cation, has vacated its usual lat- 
tice site and occupies a \oid in the crystal; that is, 
it becomes an interstitial ion. In the Schottky de- 
fects, ions are removed from their normal lattice 
sites and relocated at the surface of the crystal. In 
Schottky disorder, cations and anions may be dis- 
placed in equal numbers. In either case, the motion 
of ions through the solid is permitted by their 
movement through the vacancies in the lattice. 
This explains the diffusion of ions in solids, solid- 
^tate reactions, and a number of other phenomena. 
See Crystal defects. 

The effects of small concentrations of impurities 
may be illustiated bv their application in the con- 
version of gerinaniiini into a semiconducting ma- 
terial As pointed out above, silicon and germanium 
(rystallire in the diamond structure Also, the va- 
lence electrons of the atoms, four in number, are 
all utilized in the formation of a continuous 3-di- 
mensional network of covalent bonds. In conse- 
quenc e, these substances arc very poor conductors 
when extremely pure The addition of small 
amounts of arsenic or gallium to pure germanium 
results in enhanced electrical conductance The 
arsenic or gallium atom enters the crystal structure 
in the same way as do the germanium atoms. In the 
case of arsenic, however, .*> valence electrons are 
available even though only 4 bonds are formed. 
The fifth valence electron of arsenic is relatively 
mobile, giving rise to electrical conduction. Be- 
cause the electron is a negatively charged carrier 
of current, germanium “doped” with arsenic is 
called /i-type germanium. In contrast to arsenic, 
gallium has onlv 3 electrons, yet the gallium atom 
oc copies a site in which it should form 4 covalent 
bonds. In consequence of the resulting electron 
shortage of one, the material is a conductor. As a 
result of the electron shortage, the current carrier 
behaves as if it bore a positive charge, and gallium- 
doped germanium is regarded to be p-type. See 

Si MICOMH CTOR 

Deviations from ideal stoichiometry also give 
rise to defects in crvstal structures See Nonstoi- 
ciiioMdRic compounds; see also Equilibrium, 
PHW.. [D.H.B.] 

Solid-state physics 

The branoh of physirs centering about the physical 
properties or solid materials. Solid-state physics 
iiHiidlly is con<.ertied with the properties of crystal- 
line materials only, that is, of materials in which 
the constituent atoms are arranged in a three- 
dimensional lattice periodic in three independent 


directions. Coverage may also extend to the prop- 
erties of glasses or polymers, which normally have 
lower structural regularity than crystals. Glasses 
possess a three-dimensional network which is not 
periodic ; polymers are constituted of parallel bun- 
dles of long molecules which may possess a cryc.- 
talline structure under certain conditions. 

As the name suggests, solids usually possess 
rigidity when subjected to stress. The strain ac- 
companying stresses usually is reversible to a 
large extent, although there may be some creep, 
or viscous flow, under static loading. 

Historical development. In a historical sense, 
the study of the physics of solids has extended over 
four phases of development; macroscopic proper 
ties, particularly macroscopic symmetry; lattice 
theory and lattice models; application of atomic 
theory to the properties of perfect crystals; and 
development of the theory of imperfections in crys- 
tals. 

The first of these topics was of major interest 
from the dawn of the subject in the Renaissame 
to the end of the last century. Lattice theory was 
of relatively abstract or theoretical interest until 
the discovery just prior to World War I that x-rays 
are diffracted in a unique way by the atoms m 
crystal lattices; it then became a practical topic 
Atomic theory was applied to the determination of 
the properties of crystals in a nidimenlary form 
late in the last century, but did not reach its full 
flowering ui^l aftei the development of modern 
quantum mec'hanics, or wave mechanic s, in the pe 
riod between 1925 and 1928. The systematic studv 
of the imperfections in crystals began soon after 
1925 but did not reac h its peak until after 1945. 

Classification of solids. There are two broad 
classes of solids when the substances aic viewed 
from the standpoint of electrical and optical pi up 
erties, namely, insulators and conductors. The 
common metals are ideal examples of conductors, 
organic c rystals probably provide the best example 
of insulators. Actually, theie is no sharp dividing 
line between the two types of materials, particu- 
larly at room temperature or higher temperatures, 
where substances which are insulating near the 
absolute zero may show Intermediate electrical 
condii(*tivity. Materials of this type normally arc 
termed semiconductors and have been the object 
of much special study. In general, they may be re 
garded as insulators in which bound charges have 
been made mobile by temperature fluctuations. 

There is another classification of solids which 
rests upon the analyses of chemical and structural 
properties. It contains four categories: metals, 
salts, valence crystals, and molecular crystals. The 
metals are very good electronic conductors of elec 
tricity and heat; moreover, they usually are quite 
ductile. The pure metals of commerce represent 
ideal examples. They may combine with one an- 
other to form alloys when the atoms have similar 
sizes. The compounds form over broad ranges of 
composition if the metallic elements in the alloys 

lie close to one another in the electromotive series* 

• 



Otherwise, the alloys tend to resemble normal 
ehemical compounds (for example, Mg 2 Sn, an 
alloy of magnesium and tin). The salts, or ionic 
solids, are composed of neutral oiderly arrange- 
ments of positive and negative ions combined in 
ar(‘ordance with conventional rules of chemistry. 
They normally have a large static dielectiic con- 
stant and exhibit electrolytic conductivity at suf- 
ficiently high temperatures. Substances such as 
sodium chloride and magnesium oxide are typical 
examples. Valence compounds are composed of 
atoms which are covalently bonded with one an- 
other in accordance %vith the lules of valence 
{ heinistry. Diamond, with its tetrahedral bonding, 
IS the ideal example, although materials such as 
silicon carbide and boron caibide also are good 
examples. The ciystals are usually very hard and 
strong. Molfuilar crystals coriespond to lattice 
arravs of molecules such as hydrogen, nitiogen, 
carbon dioxide, methane, or mote complex organic 
compounds. 1'he crystalline polymers are in this 
c lass. These substances lend to have low melting 
pcunls and are good electrical insulators. The ton- 
-titucnt molecule^ retain much of then individual- 
it\ in tvpii a I c ases. 

Anv of the four ciystal types mav behave as 
seftiKondiic tors. This is tiue, for example, of alloys 
of metal such as MgjSii, of ionic ciystals such as 
/me oxide or cufiroiis oxide, of valence crystals 
such as silicon and germanium, and of organic 
c nstals such as phthalocvaniiie. 

Areas of study. I'he goal of the physics of 
Milids is to understand the vaiioiis properties in 
teiins of atomic and nuclear theory. The topics 
winch have received piincipal attention up to the 
present time include the following: elastic and 
plastic behavioi ; cohesion and cohesive energies; 
electronic transport (electrical and theimul c*on- 
ductivity including superconductivity Hall effect, 
and iheimoeleclricity ) ; ionic transpoit (elec’lio- 
Ivtic conductivity, chemic'ul and radioactive diffu- 
sion) ; specific heats, magnetic properties; dielec- 
liic propel ties; fei roelec'tric properties; optic'al 
propel ties (including photoconductivity and lumi- 
nescence) ; and nuclear and electron resonance. 

The preceding represent areas of basic scientific 
exploration. Certain large blocks of these areas 
h.ive received special attention for practical or 
technological reasons. The principal breakdown 
into the technological fields is as follows: metal- 
lurgy; semiconductors (transistor technology i» 
rapidly becoming a part of the field of electrical 
engineering); ceramics (this field of technology 
centers about the properties of salts and valence 
erystals) ; polymer chemistry; and magnetics. It 
appears that the subject of solid-state masers, 
vvhich centers about materials exhibiting a par- 
ticular type of electron resonance, is on the way to 
providing a major area of technology. 

Band structure. It is possible to obtain an ap- 
proximate description of the various solid types 
which is valid when the atoms are sufficiently in 
contact so that the valence electrons may be re- 
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garded as distributed throughout the solid. This 
condition is satisfied in the metals, salts, and va- 
lence crystals, although it may not be satisfied 
ideally in the molecular crystals. Under these cir- 
cumstances, the energy levels of the electrons can 
be grouped into bands. The levels are occupied 
with electrons in accordance with the Pauli exclu- 
sion principle over an appreciable range of eneigy. 
In insulators, completely filled and completely 
empty bands are separated by so-called forbidden 
legions, whereas the occupied and unoccupied 
bands are contiguous in metals. The intrinsic 
semiconductors, which exhibit semiconductive be- 
havior even when having ideal puritv and composi- 
tion, correspond to cases in which the filled and 
empty bands of levels are relatively close, so that 
the electrons ma> jump from one hand to the other 
as a result of thermal excitation. 

It is possible to use an alternate description in 
the case of insulatois when dealing with the ground 
state of the entire crystal or the first few excited 
states. In this description, the electrons are re- 
garded as localized about atoms or ions. This point 
of view has particular value when one is concerned 
with the first excited stales of insulatc»rs which do 
not show electronic conductivity (the so-called 
exciton states ) . 

Imperfections in crystals. Many of the prop- 
erties of solids are affected in a radical way hv 
the presenc*e of impcrfec'tions, such as flaws in the 
ideal structure or foreign atoms. In certain cases, 
the imperfections are so impoitant that the ideal 
lattice may he regarded primal ily as a medium 
whic‘h supports the imperfections. 

The imperfections may be of a surface oi inter- 
granular type. For example, they mav be localized 
at the boundaries between the cTystalline constitu- 
ents in polycrystals in the second case, or they may 
be distributed throughout the volume of the crys- 
tals. Both types of imperfection are important in 
practical cases. Usually one deals with grain 
boundaries, adsorbed atoms, or structural flaws in 
the surface in the first two cases. Tlie important 
volume imperfections which are common to large 
numbers of crystals are as follows: lattice vibra- 
tions (phonons), free electrons and holes in in- 
sulators, excitons in insulators, vacant lattice sites 
and interstitial atoms, impurity atoms, and dislo- 
cations. See Cbystal deffcts; see also ALfcov 
structures; Band thfory of solids; Ceramic 
technology; Cohesion (physics); Color cen- 
ters; Conduction (heat); Crystal growth; 
Crystal optics; Crystal structure; Cry.stal- 
lography; Diffusion in solids; Elasticity; 
Electron diffraction; Electron em]s.sion; 
Exciton; Ferroelectrics; Class and glass ppod- 
ucTs; Hall effect; Holes in solids; Insulator, 
electric; Ionic crystals; Latticf vibrations; 
Luminescence; Magnetic materials; Magnetic 
resonance; Magnetism; Maser; Metal; Neu- 
tron diffraction; Photoconductivity; Plastic- 
ity; Polymer; Resistivity, electrical; Semi- 
conductor; Single crystal; Solid-state 
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rHFMisTRY; Specific heat of solids; Supercon- 
ductivity; Thermoelectricity; X-ray crystal- 
lography; X-RAY DIFIR ACTION. [f.SE.J 

Bibliography. A. J. Dekkrr, Solid State Physics. 
1957; C. Kittel, Introduction to Solid State Phys- 
ics, 2d ed., 1956; R, E. Peierls, Quantum Theory 
of Solids, 1955; F. Seitz, Modern Theory of Sol- 
ids, 1940; F. Seitz and D. Turnbull (eds.). Solid 
State Physics. voK. Ml, 1955-1960. 

Solifluction 

A variety of soil flow that is a rhararteristic form 
of suhaerial denudation of land forms in polar and 
subpolar regions and in some high mountain areas 
of middle latitudes. It is a process «)f mass move- 
ment involving the flow-transfer of ill-sorted, in- 
completely consolidated superhcial material which 
becomes saturated with water during the short 
summer season. The distoition is essentially down- 
slope with the movement being •intermediate be- 
tween that of normal soil cTcep (slow distortion 
without obvious surface indication) and that of 
avalanche c'haractei. where much of the movement 
takes place on slip-plane boundaries within and 
below the moving mass. 

It has been observed that soIiflu<*tion attains opti- 
mum development in areas where abundant un- 
stratified rock fragments occur in a matrix of fine 
wet soil subje< ted to periodic penetrations of frost. 
It is thus particular!) (ommun in region*- of peima- 
frost. Tvpically, during the warming «eason, ice 
melting occ urs to soak the mantle and thoroughly 
liibiicate it with water. A down-slope gravitational 
flow is thus induced, even on slopes with gradients 
as low as The debris usuallv moves iinpeicepii- 
bly, with the annual mass displacement in the order 
of only a few inches. Most of this movement takes 
place soon after the thawing of the frost-heaved 
debris mantle in the spring. The flow pattern is 
often manifested at the surface as a reticulated 
edge of a vast lobate sheet, or as a sequence of 
individual and multiple tongues of debris. By this 
process, gullies, niches, and other depressions, 
even broad valleys, become completely filled and 
covered with solifluction debris. The result is an 
increasingly subdued relief, tending to develop 
toward a smooth topographic configuration. 

f M.M.M.] 

Solion 

A dynamic electronic circuit element that supple- 
ments vacuum tubes and transistors. The term 
solion is applied to a class of devices that use ions 
in solution instead of electrons as the charge car- 
riers. A solion consists of two or more electrodes 
sealed in an electrolyte. At the electrode surfaces, 
conduction changes fiom ionic to electronic by 
means of electrochemical reactions. At the anode, 
ions lose electrons (or are oxidized) and at the 
cathode, they gain electrons (or are reduced). The 
reaction^ are reversible, the electrodes arc not 
affected by the reactions, and the electrolyte con- 


tains both the oxidized and the reduced species of 
the ions. This is called a redox system. 

Solions are low-frequency devices but where 
applicable they offer power reduction, circuit 
simplification, and increased reliability and rugged- 
ness. In some cases, a single solion may replace a 
complete circuit assembly. The basic solion units 
are the diode, the integrator, the pressure trans- 
ducer, and the electroosmotic driver. More compli- 
cated solions can be designed to perform various 
mathematical or process-control functions. 

The solion diode uses platinum electrodes in an 
aqueous solution that may he iodine and potassium 
iodide. Forward-to-back current latios of 500:1 
are easily obtainable and are maintained at volt- 
ages below 0.0 volt. The diode exhibits a storage 
charge effect (hysteresis) at veiy low freciuencies 
The maximum voltage that may be applied is 0 0 
volt. The most impoitant use is as a low fteqiienc v 
switch. 

The solion elec'trical readout integiatoi uses the 
same elcctioc hemic al svstem as the diode (P'lg. 1 1 


common electrode 



diaphragm 



Fig. 2. Solion linear detector. 
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Current flowing between the input and the common 
electrode oxidizes iodide to iodine in the integral 
compartment. The readout current through meter 
A is determined by the iodine concentration in the 
integral compartment and is proportional to the 
integral of the input current. The integrator is 
reversible and linear, and may be temperature- 
compensated externally. It is used as an integrator, 
a linear time-scale generator, an amplifier, and an 
ad instable constant-current element. 

The solion pressure transducer (or linear detec- 
toi ) measures fluid flow through an orifice sepa- 
rating two electrolyte chambers (Fig. 2). A detect- 
ing cathode is located in the orifice Pressure 
causes iodine to flow past the cathode where it is 
reduced to iodide This results in a <*urrent in- 
crease in the cathode cin iiit Pressure changes as 
small as .5 d\nes/cm“ can be delected. The trans- 
ducer is used as a pressure-change detector, a 
vibiation pickup, a hydrophone, and an accelerom- 
I'ter. 

The solion electroosmotic diiver, or mi( ropump, 
(onveits vfdtage into fluid pressure It uses a dif- 
feient ehv lro< hemu al system, depolarizing elec- 
trodes. and operates through an ellei t known as the 
streaming potential; 10 volts can produce as much 
as 40 in of water pressure It is used as a pressure 
gcneratoi, an ampliher (with solion pressine trans- 
diuei), and a part of mathematK al function de 
vices .See Ei L( iRoni- portNiiAi ; EiKTROivnc 
rONiJlH 1A^(^: OxiDATTON-RLDUf IION; SlKhAMlNt, 
POlFNriAL. fu.B.l .J 

Iiihliof(raphy : R. M. Hurd and R. N. Lane, 
Principles of very low powei electrochemical con- 
trol devices, lonrnal of the Ehitrothemical Soti 
ftv. 104(12) :727 7d0, 1957, R. N. lane and D B. 
(,ameron, (Current integration with solion liquid 
diodes, Electronu s 12(9) :53 55, 1959. 

Solo man 

A relatively late but primitive form of fossil man 
from Java. The type is represented by 11 skulls 
and 2 tibias, recovered by C. ter Haar and others 
in 1931-1932 from the 20-meter terrace of the 
Solo River at Ngandong, central Java. They weie 
associated with copious remains of the upper 
Pleistocene Ngandong fauna. Such accompanying 
artifacts as are known suggest a late date, corre 
spending to the Last Glacial phase of the Northern 
Hemisphere. 

Generally contemporary with Neanderthal man, 
and probably with Rhodesian man as well, the 
'solo form had a smaller brain size (alniut^ 
IIW cm"*), heavy horizontal brow ridges, and a 
massive cranial base. Ail other facial and skeletal 
details are unknown, but the leg bones indicate 
no skeletal differences from Homo sapiens or other 
forms of Pleistocene man. The type has been 
named Javanthropus soloensis ( Oppenoorth ) , 
H.soloensis (Oppenoorth) , and H, neanderthalensis 
soloensis (von Koenigswald). 5ee Fossil man. 

Tw.w.h.) 
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Solpugida 

An order of nonvenomous, spiderlike, predatory 
arachnids found chiefly in arid and semiarid, trop- 
ical, and warm- temperate regions. They aie also 
known as the Solifugae or sun spiders. The rela- 
tively large anterior appendages, or chelicerae, are 
used for holding and crushing prey. Each of the 
appendages of the sec ond pair, the leglike and non- 
chelate palpi, is tactile and ends in a structuie 



Solpugida, a sun spider (From T. /. 5fore( and R. L. 
Usmger, General Zoology, 3d ed,, McGraw-Hill, 1957) 

that is said to be adhesive in function. The first 
pair of legs is tactile, while the other three pairs 
are ambulatory. Eggs are laid in subterranean bur- 
rows The solpugid*- are agile and usuall> stalk 
their prey during the night. A fossil form i" known 
from Penn'-ylvanian time. See Arachnida. [f .r.iio ] 

Solstice 

The two days during the year when the earth is so 
located in its orbit that the inclination (about 
23 %® or 23 ? 45 ) of the polar axis is toward the 
sun This occurs on June 21 , called the summer sol- 
stif e, when the North Pole is tilted toward the sun; 
and on December 22 , called the winter solstice, 
when the South Pole is tilted towaid the sun. The 
adiectives, summer and winter, used above, refer to 
the Northern Hemisphere; seasons are reversed in 
the Soulhein Hemisphere. 

At the time of the sumrnei solstice the sun’s rays 
are vertical overhead at the Tropic of Cancer. 
231^® north. At the North Pole the sun will then 
circle 23%® above the horizon, and at the Aictic 
Circle, 66V{»° north, the noon sun will be 47® above 



The earth at the time of the summer and winter sol- 
stices. The dates may vary because of the extra one- 
fourth day in the year. 
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the hori/on and the setting ^un will touch the hori- 
zon to the north. Thu», on this day every place 
north of the Arctic Circle will have 24 hours of 
sunlight and the length oi day at all places noith of 
the K(|uator will be nioie than 12 hoiiis, increasing 
in length with inci easing latitude. 

Identical conditions are found in the Southern 
Hemisphere at the time of the Northern Hemi- 
sphere's wintei solstice when the sun is vertical 
above the Tiopic of Capricorn, 2dVi»® south, and 
the South Pole is tilted toward the sun. |\ H.i*.) 

Solubility product constant 

A spec'ial type of simplified equilibrium constant 
<svinbol Aflp) defined for. and useful for. ecpiilibria 
between solids (&) and their lespective ions in 
solution, for example. 



\ga ( 5 ) f ci 

(1) 

For this 

i(*ldli\ely <>ini|ilo equililiiiuin: 



fAg'I ICl 

(2) 

and 




(AgMfCI )/(AgCl) = A,,, 

(3) 


It can be dc*mon*-ti ated experimentallv that a 
small ini lease in the molar comentiation of chlo- 
iide ion fCl I (produced, for example, by the 
intioduction ol Na('l, HCl. or other scduble (*hlo- 
ride), causes a fediiction in the concentration of 
silver piesent as Ag . Similarl), an im lease in 
I Ag 1 reduces | Cl j. The product of the two 
concentrations is appioximateU constant as indi- 
cated by Ec| (2) and equal to the As,, of Ec|, (3). 
Kcfiiation ( is exact since the variables aie aclivi- 
tics instead of concentrations In accordance with 
the ihoic'e of standard state usualU made for a 
solid, the ac tivily of solid AgCI is unity, henc*e 

( Ag ) (Cl ) == As,, = 1.8 X 10 ’"mole- liter - (4) 

In piactice, various compljeaticms arise: addi- 
lic»n c»f too much of either ion produces more com- 
plicated ions and hence actually increases the ap- 
pdicmt (cmc entration of the other ion. Addition of 
a salt without a common ion (that is, a salt supply- 
ing neither Ag*^ nor Cl ) either may react with 
Ag* ttT (]| or may nierelv increase the ecmcentra- 
tion of both ions h\ a lowering of the mean ionic 
activity coefticient. (Sodium nitrate at a concentra- 
tion of 0.01 molar inci erases each concentration by 
about 10% and the produc't bv 20^i . ) 

It is usuallv assumed that an aqueous solution 
saturated with si Iyer chloride ronlains only Ag% 
Cl , and the solvent. Some reeent work indicates, 
however, that about 2.5% of the solute is present 
as undissocia^ed AgCl. In practice, such effects are 
usually neglected. Equation (2) is especially use- 
ful ill the explanation of analytical proc'edures in 
which it is desired to add a sufiieient quantity of 
one ion to ensure (virtually) complete precipita- 
tion of the other. 


An example of a salt of a different charge type 
is lead iodate Pb( 10^)2. The solubility equilibrium 
is represented by the equation : 

Pb(IO,)2 (A);:±Pb-*^ + 2IO^ (5) 

At about 25'^C, the solubility of this salt is 0.02I> 
g/liter. The mass of 1 gram-formula weight of the 
salt is 557 g. In the saturated solution, therefore, 
the concentrations are 

[Pb®”^] = ^ mole /liter 

2(0.024) 

and [IO3 1 =s — =• 8.6 X 10 ® mole^liler 

Be<*ause the solid is in its standard state, its 
activity is unity. Hence 

[Pb-^][IOi 1“ = A,,, = 3.2 X 10 ** mole* 'liter ‘ 

( 7 ’ 

It IS important to nf»le that the rone entiation. 
8.6 X 10 mole 'liter, is the t one entration of 10 
ion in the solution, it is not twice the (omentra 
tion of the 10 ion. although it happen^ to b«* two f 
the eonc entration of Ph *. It is also impoitant t(» 
observe that the squate of 86 \ 10 mob litri 
enteis this product because the coefficient of 10 
in Eq. (5) is 2. .See Ec^triiiimii M, ionic , (JlJwi 

MflRK ANALysiS, pRI C ICITATION ((UlMlSTRy) 

[M ^ I 

Solubilizing' of samples 

The process by which difficultly soluble samide- 
are c’onverted into different chemic al c ompound^* 
which are soluble. The sample may be heatcMl in an 
to evolve volatile components 01 to oxidi/e a c cimp<»- 
nent to a volatile higher oxidation state witli the 
foimation of an acid-soluble form, as in the roast 
iiig of a sulfide to fomi the oxide and sijlfiii dio\ 
ide. Most frequently, the sample is treated with 1 
solvent which reacts with one or nioie c onslJtcenls 
of the sample. 

Solvents. The choice of solvent is deteiminc'd 
by the chemical reactions which are requited. Re 
ac tions used include solvation, neutralization, c om 
plex formation, metathesis, displac einent. oxidii 
tion-rcduc tion, oi combinations of these. Most vva- 
fei-soluble salts dissolve by solvation. Basic oxide*- 
siuh as ferric oxide dissolve in aqueous hydiochlo* 
ric acid by neutralization followed by complex f«i 
mation : 

Fe»Ot "b 8H' 801“ 2FeCli -4 2H'* -f- 3HjO 

Amphc»teric oxides dissolve in either ac ids or 
bases: 

A1.0, + 2Na* + 20H « 2AIO2- 4 2Na" 4* H2O 

Aqueous ammonia converts insoluble silver chio 
ride into a soluble complex: 

AgCl 4- 2NH,0H « Ag(NH,)2^ + Q- + 2H2O 

Carbonates are solubilized by treatment wich hv 
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drochlorir arid to displace carbon dioxide and to 
form soluble chlorides: 

CaCO., -h 2H^ + 2C] = Ca‘ -t 2(:i f II^O 4 C ()2 

Many substances are converted to easily dissolved 
inixiures b\ metathesis. An example is the boiling 
of barium sulfate with aqueous sodium carbonate 
to form barium carbonate and sodium sulfate. The 
insoliilde barium carbonate dissoKes easily in h\- 
diocliloric arid. 

Dissolution of metals and alloys. Metals above 

hydrogen in the elect rochemh'al series will dis 
solve in a nonoxidi/ing acid b> reduction of hvdio- 
gen ion. Other metals such as copper and lead re- 
ipiire an oxidizing a<dd, usually nitri<‘ acid. The 
treatment of alloys is determined bv the constitu* 
cnts present All of the components of brass and 
bron/e are usuallv <liss«)lved bv nitri( acid except 
tin. aisenii. and antimony, which pre(‘ipitate as h\ 
draled oxides Alloy steels are usually dissoKed b\ 

( ombiriutions of hvdrochhiric, nitric, phosfihoiit. 
and hydrofluoric acids, detiending on tin* elements 
present. Aluminum-base alloys arc Ircateil with so- 
dium hydroxide soluti<in and any residues aie dis- 
sobcd in at id. 

Fusions. Many substantes do not dissolye at 
lempt'iatun'- tditainabh* in the tiiesence of litpiid 
water. In these t ases, the treatment must be per- 
Itu tried at eleyated temperatures, usually 400 
TrOO (1. The rnatetial used as the solvent is called a 
flux and the pituess of melting the mixture of drv. 
stdid flux with the sample is t'alled a liision. Fusion 
IS done in a ttiitible (usually tdatinum or nitkel) 
which is not attai'ked bv the flux or the sample 
t oristituents. The same types tif reactions are used 
as with aqueous solvents. Sodium carbonate is used 
to attack acid materials such as silicates and for 
metathesis reac tions with sulfates. 

CaSiO. t NdjCO, = CaCO. -f Na»SiO 

Potassium bisulfate on fusion yields potassium py- 
rosiilfale. an acid flux, which attacks bash oxides 
such as alumina and ferric oxide and metals siieh 
as chromium and tungsten. This flux must be used 
in porcelain crucibles. Oxidizing fluxes such as so- 
dium peroxide and mixtures of sodium carbonate 
with potassium nitrate are used with sulfide.s, chro- 
mium, and tin ores and some silicon samples. These 
usually require nickel crmdbles. Calcium carbon- 
ate plus ammonium chloride is used to free the al- 
kali metals from silicates. See Analytical chlm- 
ISTRY. r K.C.S' 1 

liihliography: W. F. Hiilebrand. G. E. F. lain- 
dell, H. A. Bright, and J. I. Hoffman, Applied In- 
organic Analysis, 2d ed., 1953. 

Solution 

A homogeneous mixture of two or more components 
who.sc properties vary continuously with varying 
proportions of the components. A liquid solvition 
c‘an be distinguished experimentally from a pure 


liquid by the fact that during transfers into other 
single phases at equilibrium (freezing and vaporiz- 
ing at constant pressure) the temperature and 
other properties vary eontinuouslv. whereas those 
of a pure liquid remain constant. For an apparent 
exception see A/.LoiKoinc. mixtijrl. (iases. unless 
highly compressed, are mutually soluble in all 
proporl ions. 

A solid solution is, similarly, a single phase 
whose 4*omf)osition and othei properties vary c<m- 
tinuously with changing composition of the liquid 
phase with which it is in equilibrium. See Solid 
soLuriox. 

Types of intermolecular force. The extent to 
which substances can form solutions depends upon 
the kind and strength of the attractive forces be- 
tween the seyeral nmleciilar specie^ involved. It is 
necessary t«> consider the attract iye forces exerted 
bv molecules of the following types: (1 ) nonpolar 
molecule's; (2) peilar molecules, that is, those <*on- 
taining elec'tric dipf>1e<> ; (3) ions; and (1) metallic 
atoms. 

London for(f*s. The theory of attraction between 
nonpolar molecules, developed bv F. 1.ond<»n in 
1030, IS based upon the c|iiantiim-mechanical intei- 
aetion between pairs of electron systems. For two 
molecules with electrons having frequencies vi 
and I'u, polarizabilities cn and £md «-eparated 
bv the distance r lietween centers, the attraction 
potential is 


^aia^h 

2r® 4 1^0.2 


( 1 ) 


wheje h is the Planck (M>nstaiil. For molecules of 
the same species, this reduces to 


eu=- (2) 

The hectuenev I'o is that (corresponding to Avo, the 
zero-point energy, of the molecule in its unper- 
turbed stale. The perturbation by another molecule 
is related to its perturbation h\ light of varying 
frequencies, as seen in the variation of refractive 
index n with the frequency of light, that is. the 
dispersiem. For this reason, London designated 
these forces as dispersion forces. It is e([iiallv ap- 
propriate to speak of London forces bv analogy 
with the nearly equivalent term, van der Waals 
forces. In the case of gases, the dispersion n, is 
related to the frecpiency by 

n,-l « LV(iV-*-r-) 

where C is a constant. The polarizability a can be 
determined from the refractive index with the aid 
of the Loren tz-Ldrenz formula. As a substitute for 
zero-point energy, London proposed the ionization 
potential. 

The model upon which these relations are based 
is much simpler than the polyatomic molecules in 
most solutions of Interest. In these, the potential 
field is not central gnd radial; the interaction is 
between the electrons in the peripheral bonds. A 
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striking example is ortdmethvlr\(lotetrasiloxane, 
whose (oie of dltemating silicon and owgen atoms 
js so hinied within the 8 methvi irioiips that it be- 
haves toujrd other molecules essenlidl)> as an 
aliphatic hxdiocaibon The noimal paialhns them 
sehes are not s\mmetiic a] spheric all\ \Ioteo\er 
the electrons in the molecules ha\e man\ fie 
(juencies 

Although attempts ha\e been made t(» extend 
london’s basic conce])t to take account of such 
complexities, onI\ the general implications of the 
concept as to the c harac tc'ristic s of the I ondon 
forces die iieiessaiv heie These tones are Ml of 
verv shoit lange (2) addithe and nonspecific. 
(^) temperature independent (1) opciatne be 
tween molecule's of all tvpes whfther nonpolar 
polar or metallic dependent in magnitude 

upon the number and “loospnc'ss” of the electrons 
ind (6) cudinarih less than a\ ei age bet wee n mole 
ciilcs of diffeient specie'*- This last f>Topeit\ can 
be M'c'n bv comtiaiing <i wilh cn and t as 
ffiien hv Fejs fl) and (2) riiminating the evs one 

r>bt iins 


^12 


(vi ^ Vi)/2 


(€11622)*'^ 


Most (omponc'nt pans diffei muc'h less in ioniza- 
tion potenti il thin in polaii/abihtN and the facloi 
representing freMpieneics in this expression is not 
fai ficnn unil\ Theicfon 


fi> (3) 

This mtMiis that the inleiaction potential between 
unlike moire ul(s |s less than the arithmetic mean 
of the like polenh ils 

Tlic' pair fiotenlials can be integialed oM*r all 
llie molecules in the pure eomponemls as well as 
the solution to obtain ap])ro\imate attraction ee>n 
stants, o‘s e 01 le spondmg to the* atti action constant 
of the \an ch r Wails erpiation M P F Beithelot 
disc ovf ltd the relation c/| = (c/uc/ winch is a 

good appioximalion foi attractive force's m gases 
1 llilde bland and FT M Carter found the Beithelot 
legation to be valid within for 7 liquid pahs 
For example a = \\ 21 for liepiid CCli and 64 79 
foi SnBi \ The c ah ulated gecvmetrie mean is 46 46 
aiidc/i oliseivf'd is F6.86 

The conseepienee of this geomc'lrie mean rela- 
tion IS that the c oFie Nion in a mixtiiie of two liquids 
having diffc'rcnt eohesiem is Ie»ss than their avetage 
fills lesults in expansion in volume absoiption of 
heat and vapoi pressures gieater than additive 
upon mixing 

This geometiie mean iflation is usualh adheic'd 
to rather well in eases of unlike molecules whose 
outer electrons are of similar type's such as (1) 
“N elec tions,” nonhonded. as in Fialogcnated 
paruSPins and lialugens, (2) •^-elcM lions, as in 
olefins and aromatics; (31 bonding elections only, 
as in H2, CH4, and other aliphatic s; and (4) fluoro- 
chemieals But deviations arc found between mole- 


cules whose outei electrons are of different types, 
IIIiisi rations will be found below in the sections 
Regulai solutions and Solubility of gases. 

Dipole wtvruftwn. This is the attraction be- 
twc'eii molecules containing permanent elertnr 
dipoles. It inc hides both the I ondon forces and an 
cdec trust at ic interaction of the dipoles The latter 
depends upon the dipole moments of the molecules; 
It is tempcraluTP dependent liec ause thermal agita- 
tion opposc's the antiparallel orientation in which 
the interaction is greatest Its magnitude depends 
alsci upon the geornetiv of the molecules, bee ause it 
IS 1 elated to the distance of approach of tFie 
dipob"- not the rnolc'c iilar c enters , the dipoh's of 
some molec iilc's are buried mo»e deeplv than tliose 
of Olliers I his js the case with chloroform, which 
has solvent pio]M'rties similar to those of caibon 
tetidc lilonde c'xcept in a few spec ihc cases 1 (r 
Kirkwood has cxpiessc'cl tin degic'c oi intc'rac tioii 
betwec'n the dipides of pure licpiids In a g lac tor 
Foi p>ricline, the dipole moment // is 2 20 V 10 
cgs units, the dieh'ctru constant t 1^ 12 S and 
the dipole interaction g is 0 *> For water 
» - 1 84 V 10 f = 78 S and g - 2 7 foi elhvi 
alcohol /I — 2 80 X 10 *** t = 24 6 and g - U) 
Tt is the g factor not the dijiolc moment c»r the 
dielectiic constant that is most significant Joi 
understanding soluhilitv relations Furlhermoic 
in the case of mcdc'c iiles having more than onc» 
polar bond it is the sepaiatc polai bonds, not tin ir 
vector Slim of^he overall dipole moment ih it 
determine so1ubilit> relations The ihnc' isomc'iic 
dinitroben/enes all affect the vapor pressure c»f 
Iien/ene virtnallv to the same c'xleiit evc'ii ihongh 
their dipoh moments are quite diffc rent 

The substances with the largest factors an* 
those that form hvdiogen bonds These have cx 
cetitionalJv high boiling points tind aic' poc»r sol 
vents fur noripolai substances These licfuids rc'sist 
fienetiation bv nonpolar molecules The best known 
f)*iiis of me t»mplc'tel\ misc ilile liquids aie com 
posed of a nonpolar licptid and water 

Elettron donoi wfeptor inttmetion In the mod 
ern theorv of geiierali/ed acids and bases initiated 
bv C N T pwis a base is a substance having elec 
tions that mav be “ac cetiled” into the vacant 
orbitals of otliet molec ules, termed ac ids. This 
acceptance of electrons lakes place reversibly and 
wilh little 01 no activation energy Typical bases 
or donoi s are- pyridine, acetone, ether, alkyl bro 
mides, alkvl iodides, alkyl sulfides, iodide ion. 
thioevanate ion. and aromatic hydroearbons Tvpi 
cal acids are the fiure and mixed halogens, sulfur 
dioxide and trioxide, hoion trichloride and trifluo- 
ride, aluminum halidc's, and stannic chloride R 
Mulliken and his co workers have pointed out the 
close relationship between base strength and ioni 
zation potential, and elaborated a theory 
charge transfer complexes. H. A. Benesi and 
Hildebrand disc oyered the strong absorption in the 
ultraviolet characteristic of such complexes. Thev 
found that the basic strength increases in the order: 
benzene < toluene < xylene < mesitylene. B 
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Scott has determined that acid strength increases 
in the order: 

CI 2 < Bra <h< Brl < BrCI < ICI 

This type of interaction is specific and satu- 
rating, and it reduces the escaping tendencies of 
the components. It corresponds to cij > (C11C22) 

In cases where it is weak it may reduce but not 
47vercome the opposite effect of unequal London 
forces. 

lon4on interaction. The ions in a solid or liquid 
salt attract and repel electrostatically according 
to Coulomb’s law, but there is also a London force 
component, and large ions are polarized by smaller 
ones. This last effect is illustrated by solid silver 
Iironiide, which is colored although its ions in 
aqueous solutions are colorless, and its crystals 
have the sodium chloride structure. The evidence 
U that in both the «olid and the fused salt, the 
electron cloud of the bromide ion is distorted 
equally by each of its 6 neighboring silver ions. 
See FllSKU-SAl.T PHASK F.QtJILIBRIA. 

lon-dipolc interaction. In order to dissolve a 
solid salt, its lattice energy must be supplanted by 
the ion-ion action of another salt already in the 
liquid state, or by the predominantly electrostatic 
attraction f»f a polar solvent, or by the specific 
chemical interaction represented by complex ions. 

Ideal solution. It is profitable to deal with ac- 
tual solutiems in terms of their departure from a 
‘'itnple idealized model — a mixture of components 
having the same attractive fields, which mix with- 
out change in volume or heat content. This is 
analogous to an ideal gas mixture, which i*^ formed 
with no heal of mixing and in which the total pres- 
•^iire is the sum of the fiartial pressures. In such a 
solution, the escaping tendency of the individual 
molecules is the same, whether they are surrounded 
liy similar or by different molecules. Therefore, 
the combined escaping tendency of all the mole- 
cules of species 1, /i, is given by the equation 

U = 

where xi is the mole fraction of species 1, and /i” 
is the escaping tendency of the molecules from the 
pure liquid. For a binary mixture, X\ + Afei = 1. 
If the gas imperfections of vapors are disregarded, 
vapor pressures may be substituted for fiigacities 
to give Raoul t’s law (1886) in its usual form, 
Pi * The total pressure is P - pi + P 2 = 

Pl^tl + P2®JC2. 

A more sophisticated derivation than the fore- 
going requires one to postulate molecules of th6 
same size and shape. The gross structure of the 
solution containing ni plus /12 molecules of two 
components is identical with those of the pure 
liquid components. The number of configurations 
of the components in the mixture within this struc- 
ture is (m + 712 ) !/ni!yi 2 ! and the configurational 
entropy of mixing is, by aid of Stirling’s formula 

AO 1 r i til + n^ I til -f n2^ 

« A: ni In h 112 In 

L ni n2 J 


Substituting a number of moles of each /Vi and N 2 
gives 

A5 = /? I^A^i In - -ly- — + N 2 In - — J (4) 

The partial derivative {dAS/dN\) represents 
the partial molal entropy of transfer of component 
1 from pure liquid into an ideal solution of mole 
fraction x\, 

§1 — Si® s* — /f In X} (5) 

Because the model postulates no change in en- 
thalpy. 

m-s,®)- ^RT\n{fi/fi^) 

and /i //i" = x\^ which is Raoult*s law, where / is 
fiigacitv. 

But ti> arrive at this conclusion one must assume 
identical structures in the solution and the pure 
liquid components. This is very far from the case 
in solutions of high polymers in ordinary solvents, 
even though, as with polystyrene in benzene, the 
heat of mixing is practically zero. 

Moderate difference in molal volume between 
components of high symmetry has little effect, as 
might he expected from the fact that the radius 
varies only with the cube root of the volume. 

As a foundation for dealing with actual srdutions 
in terms of the deviations of their properties from 
those of the model, it is necessary to derive other 
equivalent thermodynamic relationships. 

Solubility of a crystalline solid. The fugacity of 
a crystalline substance. Z'*, at temperature T is less 
than that of its supercooled liquid. /®, to an extent 
depending upon its melting point, Tm, and heat of 
fusion, Aiir, as given by 

d hi (/’V/ ®) ^ AiU’ 
dT ■“ kr 

If Ahf is assumed constant, this gives upon inte- 
gration 

If the heat capacities of the solid and liquid forms 
are known, the variation of with temperature 
can be taken into account. This is hardly necessary 
for the present purpose, because the deviations 
from ideal solubility involve factors that are more 
uncertain than this. 

Molecular weight measurements. If a solid 
dissolves to form an ideal solution, its heat of solu- 
tion is the same as its heat of fusion, AH/*, and 
ZiV/i® ® itci. Therefore 

This is the approximate equation for solubility of 
a solid that forms an ideal solution. It can be 
transformed into one muck used for determining 
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the molal weight of a solute by the depression of 
the freezing point of the solvent, here component 1. 
For — ln*i, one can write In (I + IV^ /IVi). Ex- 
panding in powers of N 2 /N\ gives 




When Ni •« iVj, the higher powers may be neg- 
lected to give 


Nx 


AT 


( 8 ) 


where ST = Tm — T. By meaburing ST for a 
known weight of solute in Vi moles of solvent, the 
molal weight of the solute ran be calculated. Be- 
rause of the approximations made, and the fact 
that even good solvents for the solid in quest ion are 
seldom ideal, the lesulting molal weights are not 
ver\ exact unless extrapolated to x* * 0 from a 
series of values. 

The lowering of the vapor pressure of a solvent 
upon the addition of a nonvolatile solute (com- 
ponent 2) may be offset by raising the temperature 
to lestore the pressure of the solvent These 
changes are related as follows: 


X2 


AHvap,l . « 

RTt^ 


(9) 


This relation is far less useful than that for the 
freezing point depression be( ause the heat of 
vaporization is mu(h greater than the heat of 
fusion; therefore the elevation <if the boiling point 
is much smaller than the depression of the fieezing 
point, and also is harder to determine. 

Osmotic pressure. One mole of a solvent can 
be temoved from a large quantity of a solution in 
which its mole fraction is in two reversible, 
and hence equivalent, wavs If it is distilled from 
the solution into pure liquid, the gain in (Gibbs) 
fiee energy is A/ =* iir In (/iV/i). If it is pressed 
out through a semipermeable membrane against 
the hvdrostatic pressure difference, osmotic pres- 
sure AP, the gain in free energy is APvj, where Vi 
is the partial molal volume of the solvent. In an 
ideal solution, this is the molal volume. Equating 
the free energy of these processes gives 

AP^i - RT In - RT In —t — (10) 

fl 

Expanding as before and neglecting the higher 
powers gives P\i-^ {N>/Ni)RT, or PV = RT, 
where V * /Nu the volume containing 1 mole 
of solute. 

This i*j the van’t Hoff law for osmotic pressure, 
put forth in 1887. The theoretical basis of Raoult’s 
law. discovered at almost the same time, was not 
vet appreciated. The formal correspondence be- 
tween the van’t Hoff law and the perfect gas law 
seemed to lend unique significance to osmotic pres- 
sure, and elevated the van’t Hoff to the status of an 


ideal solution law. It is a limiting law only and not 
valid at high concentrations ; it neglects the specific 
nature of the solvent. The solvent is regarded as 
furnishing space for a quasi-gas solute. Thus, the 
law cannot furnish evidence concerning molecular 
states in solutions of finite concentration. 

The determination of osmotic pressure offers a 
valuable means for determining molal weights of 
high polymers in solution, where high weight con- 
centrations correspond to mole fractions so low as 
to have only minute effects upon the vapor pressure 
and the freezing point of the solvent. Foi example, 
consider a solution of 0.001 mole of solute in 1 mole 
of benzene; Tm = 279®K and Ahf * 2370 cal/ 
mole. AT b> Eq. (8) wouM be only 0.065° but 
SP, bv Eq. (10), would be 194 mm. The latter is 
large enough to be measured with some precision 

Nonideal solutions. Unlikeness of the compo- 
nents of a biiiarv mixture leads, as explained 
eailicr, to fugacities in excess of ideal values. The 
excess IS largest when the molecules of one species 
are surrounded mostly bv those of the other, as 
illustrated in Fig 1. They approach Raoult’s law 
at the upper end and Henry’s law, p^ - kx^ (oi 
/i =“ A'l^i) at the lower end, wheie A is an experi- 
mentally determined constant. 

An important relation between the two joni 
poiients IS given bv the (iibbs-Duhc'm equation 



If Raoult’s law holds in the limit when Ti = 1, 
since (d In /i)/(d In xi) = 1, then also (d In / 2 ) 
(din ij) - 1 Integrating gives In In -I 
In Ai oi f* = kx 2 , where A is a constant of Integra 
tion that cannot be evaluated unless Raoult’s law 
holds for ( omponent 1 over the whide range. In that 
( ase, it also holds for component 2. 

The activity in the case of nonelec trolytes is de 
fined as ai ~ /i //i*', and so on. In an ideal solution, 
r/i = and Oj ro. The activity coefficient is 
yi = /X\, and so on. Alternate, equivalent foims 

of the Gibbs-Duhem equation include 



Fig. 1. Fugacity and mole fraction. Line A, Ideal. Line 
B, typical nonideal. Line C, Henry's law. 




(d In ai)/(d In xi) * (flln a2)/(31n :r 2 ) 

and NidFi + * 0, where f denotes partial 

niolal free energies. 

If one component is a crystalline solid, its activ- 
ity, is less than that of the liquid, which is 1, as 
given by Eq. (6) ; its maximum solubility would 
be JCi* in Fig. 1 if in an ideal solvent, and x'^ if in a 
real solution. 

Regular solutions. Inhere are maiiv mixtures of 
nonpolar components in which, except in the im- 
mediate neighborhood of a critical mixing tem- 
perature, thermal agitation suffices to neutralize 
tendencies to segregate and yields virtually com- 
plete randomness of mixing, with a close approach 
to ideal entropy of mixing, Eqs. (4) and (5). 

The enthalpy of mixing can be calculated as the 
difference between the potential energy of the mix- 
ture and the sum of the potential energies of the 
liquid components. The potential cnergv of a mole 
of liquid may be related to the potential between 
a pair of molecules. rfr’I. The lattice energy of a 
rrvstal is obtained bv summation of cf/) over all of 
the lattice distances; that of a liquid is obtained 
b> integration over the continuous distribution 
function, pf/). The expiebsion for a pure liquid is 

A/Vvp = - - f pirUiry dr (12) 
V •' 

Here ^Vti is the Avogadro number and v is the 
molal \olume of the liquid. The corresponding ex- 
pression for the potential of the mixture of Ni and 
moles of the jnire components involves their 
lelalive sizes. With certain simplif>ing assump- 
tions. including the geometric mean for crjCr), 
Eq. fl3a) was obtained for the cnerg> <if mixing 
Vi and Nn moles tif two nonpolar liquids 

/ViVi + /VsV2 L\ vi / V V* / J 

(13a) 

The corresponding partial molal energy iif trans- 
ferring pure liquid to solution, for component 2, is 

E - E 2 ® - - 82 )* ^ » (136) 

Here denotes volume fraction, neglecting ex- 
pansion on mixing, and the S’s are (At* win 
designated solubility parameters. Because energy 
and enthalpy are virtually identical for liquids, 
Eq. (136) may be combined with the entropy of 
transfer as given by Eq. (5) to give the free energy 
of transfer, 

F2 - F2® - H2 - H2® - r(S2 - S 2 ®) 

AT In 02 ■■ V 20 i*(Si 62 )* 4“ AT In X 2 tl4o) 
or AT In 72 - Va^i*(6i - 62 )* (146) 

Representative values of solubility parameters at 
25®C are given in Table 1. Parameters for sub- 
'^tances solid at 25^C have been calculated by 
Eq. (14a) from solubilities of these substances in 
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Table 1. Solubility parameters snd molsl vofomes, 28^C 


Liquid 

Formula 

Molal 

volume, 

ml 

Solubility 

parameter 

Per fliiorohopl nne 

CtF,, 

225 

5.8 

Perfluorotributylamino 

(C,F,),N 

360 

60 

Perlliioromelhylcyclo- 

liexfine 

c-C,.F„CF3 

10b 

6.1 

ff -Heptane 

n-(*7Hi« 

147 

8 1 

Silicon fetracliloridt* 

SiCl4 

115 

7.6 

(Cyclohexane 

C4lf,2 

109 

8.2 

(Cai lH>n ( e I ruchloride 

CCh 

97 

8.6 

Chloroform 

CIICl, 

81 

93 

Benzene 

CJL 

89 

92 

Carbon disulfide 

CS. 

M) 

10.0 

Bromine 

Br2 

52 

11.5 

iodine 

J. 

.59 

Jt.l 


solvents whose parameters are well determined. 
With paraffins, the solubility data give concordant 
S-values a little greater than 

Equation (14a) has found wide applicability for 
calculating solubilities ftom solubility parameters. 
Inaccuracies of the terms for enthalpy and entropy 
offset each other to give fairly reliable results for 
free energy. This is strikingly illustrated by com- 
prehensive experimental data for iodine, where 
deviations from ideal become extremely large, and 
theiefore provide a stiingent test. The violet color 
of certain iodine solutions offers a simple means 
foi distinguishing those in which I^ondon forces 
alone operate (physical solutions) from the red, 
brown, or yellow solutions which involve specific 
chemical interacticiiis. A partial list of iodine 
solubilities in physical solutions is given in 
Table 2. 

The values of for iodine have been calculated 
from the solubilities and molal volume^. Their near 
constanev, despite ihe 300-fold range in jto, indi- 
cates the degree o^ accuracy with which the re- 
verse calculation of solubility could be carried out. 

The mcdecules of paraffinic solvents, such as 
normal heptane and 2,2.4-trimethvlpentane, ‘"iso- 
octane,"’ are flexible chains, with segments of 
meth>l and methylene, and arc far fiom the quasi- 
spherical model used in deriving Eqs. (12) to (14) ; 
they are better solvents for iodine and poorer 
solvents for fliiorochemicals than would be inferred 
from their energies of vaporization. However, their 
solvent powers for both group.s of substances can 
be correlated by an empirical increase in their 
solubility parameters. 

In Fig. 2 are plotted data for log X 2 vs. log T. 
The solid lines represent violet solutions of iodine; 

Tabte 2. Solubility of iodine at 25^C in molo per eent 


Solvent 100 xt < 2 (calc.) 

CtFis 0.018 14.4 

G 4 CI 2 F 6 0.124 14.4 

SiCU 0.50 14.1 

CCI4 1.15 14.2 

CHCl, 2.28 14.3 

CSs 5.46 14.1 

CHBrt 6.27 14.4 

Ideal 25.8 (14.1) 
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f,c^ 



Fig 2 Solubility of iodine in various solvents 


the broken lines indicate solutions in whnh there 
IS (henncal mteradion The fiist lines (onsfitiite a 
fdiniK of (iir\es indn atin^ i (ommon iepiilaiit\ 
whiih led to the d( si^n ilion of these solutions 
as refill ir solutions Iht ''dme soit of regulaiit\ 
fMdtnl i\ith other solids iiuluding sulfur 
stdiinu iodide and n iplith ih ne 

\ repulaiiU in lemperatuit lodruienls is a in it 
lei of <ritrop\ 1 rom the pulun ol a r#f;ulii solu 
tion as oni in \vhicli ojientin^ ind cIktiiu il effiits 
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Fig 3 Entropy of solution of iodine (25 C) vs solubility 


are absent, and in which the distribution and orien 
tations are random just as in the ideal solution, it 
mav be concluded that the prohabilitv is the same 
in the two solutions and therefore, that the diflPer- 
enre in entropy is zero This roncliision cannot be 
e\peitfd to hold unless the random distribution of 
the molecules persists Also a small correction 
should be applied to take care of the change in 
entiop\ accompanying changes in volume given bv 
the ccpiation 


(dS/cWOr* (^P/d7), 

A ngiilar solution involves no entiopv change 
when a snnll amount of one of its components is 
transferred to it from an ideal solution of the same 
composition and the total volume remains un 
c h ingc d 



Fig 4 Plot of activity vs mole fraction for different 
values of (81 — 8 J 


The slopes of the line s m Fig 2 when multiplied 
b\ /? gi\e the entiopy of solution since 



and (d In c/ ^ d In i.) / 1 , since these solutions of 
iodine are very dilute and depart only slightly from 
Hcmy’b law The coefficients, (d In Xj/d In r)qii 
represent the change of its solubility with tempera 
ture 

In Fig 1 are plotted the values of the entiopy of 
solution against — K In 5 ^ 2 . The points for the violet 
solutions fall on a line whose slope coriesponds to 
ideal entropy, with no divergence related to the 




Tj 

mole fraction of second component 


Fig 5. Solubility of C 7 Fj(j. 

di««|iaiit> brlween llie molal \oliinu*s i»f ibt* 

NMal solvents. 

The points for noiiviolet solutions all fall below 
llie line, beoause solvation restricts the fieedom of 
individual molt'cules. reduces enlropv, and eii- 
haiues solubililv. The disciepano increases jn the 
nr del ot incieasinj' base stiength: benzene < p-x>- 
bra* ^ niesit>lene. The colors change piogiessively 
boni led to brown. The coloi of iodine in ethylene 
» hioi ide is sJighllv red in harmony with its slight 
displai ement. The entropy of soluticm in per- 
fliioioheptane is enhanced by a very large expan- 
'"1011. The partial molal volume is 100 ml in per-* 
flu(»roheptane, 6S.6 in c'hloroform, 67.1 in silium 
t hloiide, 62.7 in incsitylene. and 49.6 in ether. 
Liquid-liquid miscibility. In Fig. 2 it can be 
that the line for CCU, although straight at 
lower temperatures, becomes S-shaped neat the 
melting point, and is there cut by a liquid-liiiuid 
loop. If activity vs. mole fraction is calculated with 
increasing values of (Si — 82)^. one obtains curves 
Ihdt diverge progressively from the ideal line as 
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shown in Fig. 4, and eventiiallv become S-shaped, 
where there are three values of xi with the same 
value of ni. The meaning of this is similar to that 
of the plot of the van der Waals equation; the two 
ph>sicall> real roots, at A and B, lepresent the 
composition of two li(|uid phases in equilibrium. 
Upon raising the tempeiature, the enthalpy term 
in Eq (14) diminishes and the roots coalesce in a 
Clitic al point, C. This point is at ti =» = O.S if 

Vi ~ Vo, but is displaced when v 1 7^ Vj. By setting 
the fust and second derivatives of In ni with rc'spect 
to In rj both ecjiial to zero, it is possible to solve 
the two equations to obtain expressions for both 
the c ritual lemperdtuie and composition. The 
former is sensitive, giving approximate values. 

The c Hives in Fig 5 for CtFu,, 8 == 6.0, rise in 
judci of ini icMsiiig S lor the olhei compcmerits. The 
iiitical (oniposition can be calculated ac^uratelv. 
Foi the most imsvmnietiiral system in Fig. .S. that 
with CIICl . t * oliscMved was 0.74; (calculated. 0.78. 
Foi the pail CHCl in ( C FtCOOCII, where 
\t 82 6 ml and \* = oS.l ml al the ciitical tem- 
pi latuie. l.-JS'-l., the mole fraction of the Jallei 
was 0 07 f olisf‘i\rd. Q 077 1 alculated. 

Partition of a solute. Two liquid phases in 
c'lfuilibnuin m'lessaiil) have veiv difleient cohe- 
‘-lons and solvent poweis. The difference becomes 
gieatei as thc'ii mutual solubility dec'i eases. A 
tliiid substance can theiefoie be expected to have 
vciv diffeiciil activity c oeffic icnls in the two phases. 
Suppose that the solute has an cr r cuive of type 
Fig 6 in pure liquid A. and of type B in pure 
liquid B II. for siniplicitv, it js assumed that A 
ind B are not signifir aiitiv miscible, the paitition 
c cic*ffic ic*nt is x\ /iH when the dcti\it> of the solute 
is c/, and it is \\ /I'u when more is added and 
Its activitv JS a\ It Is olivimis that this paitition 



Fig. 6. Plot of activity vs. mole fraction for several 
types of liquid. 
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0 02 04 06 08 1 0 
mole fraction of cadmium 

Fig 7 Activities of cadmium and mercury m their 
amalgam, 322 



Fig 8 Vapor pressures of mixtures of methanol with 
benzene, 35 -’C. (Scatchard, Wood, and Muchet) 


loeffineiii is not a constant It is customary to re- 
fei dll departuies from constancy to some sort of 
chemical effect, assoc iation, dissociation, or solva 
tion, in one of the solvents, and indeed t>pe B is 
good evidence for solvation or ionization and type 
/f may be caused, in part, by an association of sol- 
vent A, however, it may also be attributed to a 
piireK phvsi(*al difference in 8 values. The ratio, 
Y||/v\, therefoie, does not measure uniquely only 
what occurs in phase B The interpretation is still 


further complicated by the fact that the two sol- 
vents are often somewhat soluble in each othei, 
and this solubility is further affected by the con- 
f entration of the third component 
Vapor pressures of binary solutions. Equation 
(14) lends itself to evaluation of vapor pressure 
data for binary mixtuies 




J^lnyi 1 

Vl 02* 


RT In 72 Jl. 


If one plots (RT/\\) Inyi against 0^ " and (RT/\^) 
In 7- against 0r, iiHng the same scale for abscissa, 
the experimental points for both components of a 
regiilai solution, if thev aie nciiiratelv determined 
should fall upon the same straight line, whose in 
leicepl IS (8i — 8 ) when 0—1 

An example of acti\itic*s less than ideal, cone 
sponding to c\* is the mixture of 

mc'nuiv with cadmium shown in Fig 7 Measured 
values of the vapoi piessure of mercurv ovei the 
amalgams were divided bv the vapor pressure of 
pure inei(ui\ to get activities The c oriesponding 
activities c»f cadmium were then calciilited hv 
means of the (>ihbs Duhem equation 

Azeotropic mixtures. If the total vapor pres^nc 
of a liquid mixture is higher in sonic inter mediate 
region than the vajior presMire of either pure com 
poncMit the composition of the vapor upon ic 
peatc*d distillation will d(ipioach that of the in i\i 
mum of the tf^tal vapor pressiiie c iirve not that ot 
a pure component and the pure components can 
not be obtainc'd b\ fiactional disiiHatioii (Fig 8) 
Sinnlailv if the plot of total vapor pussuic against 
composition passes tlnoiigh a niininiurn the lesid 
iial licpiid as distillation pioceeds will a|)pioacIi 
the ( oni posit ion of the mmnniim not of the pure 
h ss volatile c oinponc nl 

Solubility of gases. A solution of a gas that 



Fig. 9. Plot of mole fraction against force constant 
for several gases in the sagie solvent. 
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Table 3. Solubility of saaei, lO^Xn, at 25^C and 1 atm 


Element ; 
t/k - 

He 

10 

Hi 

37 

N, 

95 

<>2 

118 

Ar 

121 

Kr 

165 

Solvent 







CtFu 


uo 

,38.7 

55.3 



n-C7Hi§ 

2.S 

69 



25 0 

67.6 

C.II,2 



7.6 


14 9 

46 7 

ecu 


.3 2 

6.4 

12 0 

13 1 


CeHe 

0 78 

26 

4.5 

82 

8.9 

27.3 

eSa 


1 6 

22 

4 % 

19 


llaO 

0 07 

0 H 

0.12 

0 23 

0 2.5 

0 15 


can he liquefied <*an he treated a's a liquid mixture. 
For example* <*hIonne has a vapor pressure of .'t.66 
atin at ()®C. Its ideal soluliilitv at 1 atm and 0°C is 
areordinfilv Jfj /ij 'pj" = 0.273. If presmnes 
are toirerted to fiipaeities, rj = 0.286. The mea<5 
ured soliihilitv in CCI| is 0.298. In CtFk., whose 8 
\alue is S.8. lesn than that ol diloilne (ahoiit 9.8), 
the soliil)ilit\ is much less (0.164). 

Tile value of pj" hetonies larjrer as the Imilin^; 
point of the pas decreases, as seen in Table 3. A 
hellei measuie is the f*»ree constant of the pas, 
€ /i, as determined from its PTT heliavioi, Fipuie 
9 shows the lineal i elation between log i » and 
( h foi a serif's oi gases in the same solvent. The 
iclation hetwf'eii hig \> and 8i ' lot diffeient sol- 
\ents is shown in F'ig. 10 'fhe diange in sohihilitv 
VMlli tempeialure is to a considerable exUnI de- 
pfMident upon the solubilitv itsell. Figuie II shows 
log 1 -i 4 v- log r foi aig<m in seveial sfdvents 
TIh' < hangf* in slope fiorn one solvent lf» the next is 
niainlv the lesult of added enttopv of dilution* li In 
I'j). v/heie I'j is sohdulitv in the pofuer 
-olvent. 

'fhe ])oinls loi CFi arul SFi, in Fig. 10 illustiate 
the stioiig flepartiiies of these tWf» gases fiorn th* 
liigh degiee of legulaiity exhibited bv llie “giid’’ 
ol leldtinnships which holds for the f»thci gases. 
V strong dip is seen in iheii solubility in the 
paiafhn solvents, a lise in CC1|, an N donor, like 
(IFi and SF»„ followed by a steep descent into the 
TT-donors* tfiluene and benzene, and a fuither de- 
scent to CSj* which differs strongl> from CFi and 
SFi, in polarizability. 

The effect of pressure is given adequately bv 
Henry’s law for gases of low solubility. 

Water as a solvents Water is a poor solvent for 
nonpolar substances, which cannot overcome the 
bigh cohesion or internal pressure that result from 
Its small molal volume and strong hydrogen bonds. 

I his is illustrated by its poor solvent power for the 
gases included in Table 3. It is a good solvent for 
'^Oo, which hvdrates to H'jSO.j and for ammonia, 
with which it forms hydrogen bonds. The enor- 

Table 4. Solubility in water, 20**C 


Solute 

100 a;2 

Dipole 

moment 

Boiling 

point 

Benzene 

0.013 

0 

80 

Nitrobenzene 

0.028 

4.2 

208 

Aniline 

0.70 

1.5 

184 

Phenol 

1.7 

1.7 

182 



Fig. 10. Relation between and Sj- for various sol- 
vents. 

moils diop in going fiom CSj to HjO reflects the 
high cohesion of water caused bv hydrogen bond- 
ing. Its solvent powers foi benzene and benzene 
(leiivalives aie shown in Talde 4, Benzene has by 
fdt the highest vaj oi pressuie*, but it neveitheless 



Fig. 11. Solubility of argon in various solvents. 
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dissolves to the least extent. Nitrobenzene, with 
the highest dipole moment, and only a little handi- 
capped by low vapor pressure* is not nearly as 
soluble in water as aniline and phenol. Phenol 
has the highest solubility by virtue of being able 
to form the strongest hydrogen bonds. 

Strong electrolytes. The activities of the ions 
of a strong electrolyte giving two ions of the same 
charge, (7+ and a , and the activity of the electro- 
lyte, fli, aie defined hy the relation a|.a-.= 02 . At 
infinite dilution, the molalities of the ions are equal, 
hence (a V » r/g’ The mean activity co- 
efficient IS defined by 7 ^ ■■ ^±/wi, where m is the 
molality of the electiolyle. 

Activity coefFicienls become less than unity as the 
concentration iiu teases because of ( 1 ) coulomhic in- 
teraction between an ion ami all of its neighbors, and 
( 2 ) the formation of "lon-pairs” 01 iin-ioni/ed mole- 
cules. These efFe(‘ts are usually diflicult t<i distinguish. 
The eoulombic effect, which pi cdomi nates at high 
dilution, is foi Ululated in I he Debye-Ilut kel thcor), 
according to wluch 7 ^ approadies a value given hy 
the e(|uation log 7 j^ *• where I is a 

constant ilepcnding upon the solvent and the lern- 
peialuie* the ss aie liie charge numbers of the 10 ns 
without rcgaid to sign, and pt is the ionic strength, 
defined as one-hali the siirn of the product of tlie 
molalitv of each ion bv the squaie of its charge. 

lalile 5 gives a(tivitv coefficients at 2r>"C of 
typical elettiolytes. 


Table 5. Activity coafflcients, 25"C 


Solute 


Molality 

1 0 

0 01 

0 1 

Na( 1 

0 90 

0 78 

0 00 

Nal 

0 41 

0 83 

0 80 

KOH 

0 90 

0 80 

0 76 

AgNO, 

0 90 

0 72 

0 10 

ZnCh 

0 71 

O.'iO 

0 33 

MgSO^ 

040 

018 

0 06 

CdS04 

0 40 

0 17 

0 04 


Ionic strength largely determines the extent to 
which an electrolyte can diminish the solubility of 
a nonelectrolyte in water, the salting-out effect. 

[ j. H. HU dlbkand] 
Bibliography : R. A. Robinson and R. H. Stokes, 
Elcrtrohtir Solutions^ 2d ed., 1%9: J H. Hilde- 
brand and R. L. Scott, Regular Solutions, 1%2: 
J H. Hildebrand and R. li. Scott. Solubility of 
Wonelef ttoht< s, 1%4. 

Solvation 

The association or combination of a solute unit 
(ionic, molecular, or particulate) with solvent mol- 
ecules. This association may involve chemical or 
physical forces, or both, and may vary in degree 
from a loose, indefinite complex to the formation of 
a distinct chemical compound. Such a compound 
contains a definite number of solvent molecules per 
.solute molecule. 


Solvation occurring in aqueous solutions is re- 
ferred to as hydration. In aqueous ionic solutions, 
the highly polar water molecules become oriented 
about the ions, forming spheres of hydiation. As a 
result, the mobility of an ion under an applied volt- 
age gradient is decreased. The extent of hydration 
depends upon the size and charge of the ion. 

In certain colloidal suspensions, solvation is, to a 
large extent, responsible for the stability of the sol. 
Particles in lyophilic sols strongly adsorb on theii 
surfaces one or more layers of solvent molecules 
This protective lavor prevents the particles from 
colliding so closely as to adheie. In water starch 
and many proteins foim suspensions which are highly 
solvated. Such systems exhibit a viscosity which is 
markedlv higher than that of the puie solvent. See 
Coiioin; EiFfTRoiYin coNDUfiANft; Hydra- 
tion; SouiiioN. |"i. T. tohnstonI 

Solvent 

A liquid which dissolves other materials (solutes) 
to form single homogeneous phases (solutions). 
While water is the most widely used solvent, a com- 
mon usage of the term excludes water or aqueous 
solutions. Occasionally, the term is used broadlv to 
describe the major component in am licpiid mix 
ture. Solvents mav be classified on the basis^of 
phvsical properties, themical properties, 01 indu*^ 
tiial application. See Soilfion; Wajir. 

Phv^'ical classification is usually with respect to 
volatility as meg^iired by boiling point or evapora 
tion rate. Chemical classification mav be based on 
chemical composition or on general chemical prop- 
erties. 

Most solvenis are organic, although a few 
important ones are inorganic. Liquids made up of 
molecules with telatively svminetncal structure ate 
nonpolar, while polai solventb are made up of mol- 
ecules with permanent dipoles which, because of 
the attraction of unlike charges, tend to orient 
themselves into an ionic atmospliere around polar 
solutes. Since this promotes the separation of elec- 
trically charged ions, they are railed ionizing sol- 
vents. Among polar solvents, distinctions mav be 
made on the ba^is of acidity, although whether a 
solvent is acidic or basic depends on the solute 
used to establish this fact. 

In a solution, the attraction between the unlike 
molecules of solute and solvent must be sufficiently 
great to prevent the separation into two phases. If 
solute and solvent are similar chemically, they usu- 
ally have substantial mutual solubility, since there 
is no great difference between the forces attracting 
like molecules in a pure phase and the unlike mol- 
ecules in the solution. In any liquid mixture, the 
forces between molecules may be due to chemical 
bond formation (of which hydrogen bonding is a 
special rase), to the attraction of permanent di- 
poles, or to the more widely present van der Waals 
forces arising from electrostatic interactions of the 
electronic orbits of any adjacent molecules. See 
Hydrogen bond. 
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Chemical bonding may be rather permanent and 
the true solute a new compound rather than the 
undissolved solute. In such cases, the term reactive 
solvent, or chemical solvent, is often used. Because 
of the possibility of chemical binding of comple- 
mentary, though widely differing materials, the 
general rule that like dissolves like often appears 
to be strongly modified. With the understanding 
that “likeness” refers to the intermulecular forces 
in the liquid state, the similarity rule is a useful 
one. 

Solvents in industry. A variety of solvents is 
employed in large amounts in the coatings indus- 
try, in the form of paints, lacquers, and varnishes. 
The coating is usually a plastic mixture which may 
be applied to the surface in the liquid phase and 
which drys to form the final stable coating film. 
Usually, the solvent evaporates to leave the final 
coating, although a rbemical reaction such as oxi- 
dation by the air to which the film is exposed is 
often necessary to complete the film formation. To 
some extent, use of solvents in adhesives is related 
to use in coatings, with the film foimed between the 
two surfaces to be joined. The textile industry is 
another huge consumer of solvents. Manv synthetic 
fibeis snih as rayon arc spun from solution. How- 
ever, the solvent is usuall> recovered, and con- 
sumption is small compared to the volume actually 
cm ployed. The application of pesticides in the field 
fuovides a growing market for solvents. A special 
group called plasticizers are fundamental raw ma- 
tei iais in the molding of plastics. 

Liquids with widelv differing properties and no 
possibilitv of complementary behavior usually 
foiin two separate phases with limited mutual solu- 
bility. Since a pair of solutes would have differing 
solubilities in two immiscible solvents, the separa- 
tion of such a pair may often be effected bv taking 
advantage of these solubility differences. This 
process is called solvent extraction or liquid-licpiid 
extraction and has been employed in such diverse 
fields as petroleum refining, production of penicil- 
lin, and the purification of irradiated uranium in 
the atomic energy industry, as well as in analvtical 
(‘hemistry. Solvent extraction often refers not only 
to liquid-liquid extraction, but also to the ^treat- 
ment of solids or gases with a solvent to r^ove a 
soluble product. This may be either a specific, un- 
wanted impurity or a desirable by-product which 
may be recovered by evaporation of the solvent or 
by some alternative isolation procedure. Such uses 
of solvents are encountered in dry cleaning or in 
the extraction of fats and oils from natural prod-* 
ucts such as cottonseed and soybeans. See Solvent 

^XTRACTION. 

For each of these industrial processes, the re- 
quired solvent properties must include: the ability 
to dissolve the desired solute; chemical stability 
and compatibility with all materials contacted 
such as containers, processing equipment, and sur- 
faces to be coated; and such physical characteris- 
tics in terms of boiling point, evaporation rate, sur- 


face tension, and viscosity, as are appropriate to 
the application. Ease of recovery may be important 
for uses such as cleaning, or in spinning fibers from 
solutions. In addition, criteria of hazard are often 
important and low flammability and low toxicity 
are widely sought. 

Flammability may be measured in terms of the 
flash point, aiitoignition temperature, or for vola- 
tile solvents, in terms of the explosive limits when 
mixed with air. Toxicity in use is largely a func- 
tion of the volatility; this governs the amount 
likely to be present. The toxicity of the resulting 
vapor and the ease with which excessive amounts 
can be detected are also important factors. A nox- 
ious material such as ammonia may be less danger- 
ous than a solvent such as benzene which is not 
particularly objectionable at concentrations high 
enough to lead to severe chronic poisoning. For 
control of occupational hazards, maximum allow- 
able concentrations in the air have been set bv vari- 
ous authorities. Good industrial practice will usu- 
ally require that average exposure be kept well be- 
low these maxima. See Toxicology. 

Industrial solvents are usually either natural 
mixtures such as petroleum fractions, or synthetic 
blends such as an alcohol-ether mixture used to 
dissolve cellulose nitrate in the manufacture of cel- 
luloid. Even when only a single component is 
wanted, high purity is often not required and 
rather broad boiling ranges may be permissible for 
commercial grades. The data in Tables 1 and 2 re- 
fer to such grades and may differ noticeably from 
the properties found for reagent quality pure 
chetiiitdls. Mixtures may be much more effective 
solvents tlian a single component, or good solvents 
may be mixed with cheaper, but less effective, dilu- 
ents. In the latter case, solvent properties are often 
measured by tests which determine the amount of 
dilution that is permissible. A number of empirical 
tests have been employed to indicate solvent power. 
The aniline point, kauri-butanol value, and dilution 
ratio tests have been standardized and are used for 
petroleum hydrocarbon solvents. In the textile In- 
dustry, ease of reco\ery is more important than 
original cost, and single, relatively pure solvents 
are used. 

Economic criteria often decide the choice be- 
tween a variety of acceptable solvent mixtures for 
industrial purposes. Since the petroleum hydrocar- 
bons are rather cheap, commercial mixtures may 
employ small amounts of rather expensive solvents 
which permit dilution with larger amounts of these 
materials. Occasionally, solvents are used to form 
suspensions or emulsions which may be handled as 
a homogeneous liquid phase, though not a true so- 
lution. 

Petroleum fractions are available as a large num- 
ber of commercial mixtures. The most volatile frac- 
tions are called petroleum ether or ligroin (boiling 
range 35-60^0, naphtha fractions are less volatile 
(boiling up to ISO^C), and kerosine fractions are 
still less volatile (boilipg range up to 250^0 . Both 
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Table 1. Important aolventB and their uses 


Solvent 

Solvent class 

Typical use 


Acetic acid 

Miscellaneous 

Textiles 


Acetone 

Ketones 

Ijacqiiers, textiles, adhesives, ex- 
plosives, photographic films, and 
acetylene 


Ammonia 

Miscellaneous 

Chemical synthesis 


Benzene 

Aromatic hydnK!arl)oii8 

Coatings, artificial leather, rubber 


n-Hutyl acetate 

Esters 

I^Rupiers, paints 


CarlMin disulfide 

Mi8(;clluneous 

Ha yon 


Carl)on letrachloride 

Chlorinated hydrcK^rlxms 

Oil and fat extraction 


Cycloliexaiuine 

Ketones 

Coatings 


Dibutyl phthnlate 

Esters 

Plasticizer 


Diethylene glycol 

(.jly(;ols 

Cosmetics 


Ethyl acetate 

Esters 

l^icquers 


Ethyl alcohol 

Alcohols 

Shellac 


Ethyl ether 

Ethers 

Celluloid 


Hexane 

Aliphatic hydroc'arlions 

Extraction of oils 


fs<^>propyl alcohol 

Alcohols 

MediciTials 


Methyl cellosolve 

Ether alcohols 

Ijncquers 


Methyl isohut yl ketone 

Ketones 

Sol vent-ex traction purification of 
irradiated uranium 


Nilro benzene 

Nitn ihydrocurlions 

S1mm> |M>lish 


Nitromethane 

IN itrohydrcM‘4irlK>iis 

Chemical reaction media 


Percl 1 loi'oe th y lene 

Chlorinated hydrcM^arlMuis 

Dry (‘.leaning 


Sulfur dioxide 

Misc;ellan(*ou8 

Oil refining 


T'oluene 

An »ma ti(i h y drm^urlMnis 

liiuxpier diluent 


Tri butyl phosphate 

Esters 

Irradiatf^d uranium purification, 
phiKticn/cr 


Tni:hlon»ethylene 

Chlorinated h ydrcKtarhoiis 

Metal cleaning 


l'ui‘| ten tine 

UVr|H!nes 

Paint thinner 





Table 2. Physical properties of important solvents 



Solvent 

Specific gravity* 
(at 20*0 

Boiling range,* 
”0 (at atm 
pressure) 

Elash 

lK)iiitt, 

Maximum allowabh^ vapor 
(^on(;(mtrutioiit, ppm 

Acetic* acid 

1.049 

116 119 

135 

20 

Ammonia 

0.(i5 

(10"C) 

~,33 


100 

Benzene 

0.88:i 

78-80 

<5 

100 

ri-Butyl acetate 

0.880 

115 130 

72 

200 

Carbon disulfide 

1.269 

4.5 47 

<0 

10 

C^^arlKin tetrachloride 

1.584 

77-78 

none 

25-50 

Dibutyl phthalate 

1.048 

181 (4 inin) 

340 


Dicthylene glyc3ol 

1.116 

240-250 

255 


Ethyl acetate 

0.902 

76 79 

32 

400 

1*3thyl alcohol 

0.818 

75-80 

45 

1000 

Ethyl etht^r 

0.717 

34-35 

-20 

400 

Hexane 

0.687 

66-69 

<0 

500 

Isopropyl alcohol 

0.790 

81-83 

59 

400 

Methyl cellosolve 

0.965 

122 126 

105 

25 

INitmlteiizene 

1.198 

211 

171 

1 

Nitromethane 

1.139 

101 

112 

200 

Perchlf >roeth y lene 

1.618 

121-123 

none 

200 

Sulfur dioxide 

1.46 

(10^0 

-10 


10 

Toluene 

0.867 

109-111 

45 

200 

TYibutyl phosphate 

0.973 

289 (decomposes) 

295 


Trichloroethylene 

1.470 

87-88 

none 

200 

Turpentine 

0.862 

1.56-170 

93 

100 


* These are approximate values as given for technical grade solvents and may differ somewhat from the liter- 
ature value for the pure reagent, 
t \6 measured by the standardized *Tag closed-cup** test. 
t This value may vary depending on the authority setting the concentration limit. 







aliphatic- and aromatic-rich mixtures are available, 
the latter in general being slightly more expensive. 
The low price of these solvents leads to their wide- 
spread use as diluents for more eflFective solvents. 
Similar solvent fractions are obtained as by-prod- 
ucts in the coking of coal. 

The terpenes are obtained largely as by-products 
of pine-tree processing for lumber or paper. As a 
natural product, the composition of turpentine may 
vary rather widely, usually without affecting its use 
as a solvent. 

Solvents in scientific research. Solvents play a 
major role in science as media for chemical reac- 
tions. While by far the greatest fraction of scien- 
tific investigations has involved aqueous solutions, 
there is growing interest in nonaqueous-solution 
chemistry. In this field, the solvent may serve as an 
inert diluent, it may participate directly, or it may 
modify one of the reactants so as to affect its man- 
ner of participation. 

When solvents aie employed to function as 
reaction media, their ability to promote ionization 
is often important. For this purpose, the molecules 
should prcfcrablv be small and elect ricall> unsvm- 
nietrical so that thev will tend to form an ionic at- 
inospheie capable of separating cationic and 
anionic parts of the solute from each other. The 
diclectri<* constant measured for the bulk solvent is 
an impoitant clue to this ability, but does not give 
a direct measiiie of the effectiveness of the solvent 
in promoting ioni/ation. 

The solvent plays a major role in acid-base chem- 
ist r>. Some chemists prefer to restric't the term 
dt id to substances which are capable of donating a 
ptoton and the term base to proton acceptors. Sol- 
vents such as water are amphoteric and may act 
cither as acids or as bases, depending upon the 
solute. 

Polar solvents with mobile hydrogen atoms may 
bo arranged in a loiigh order of acidit) from anhy- 
drous sulfuric and hydrofluoric acids at one end 
to liquid ammonia and hydrazine at the other. 

In any solvent to which an acid is added, the ac- 
tual acidic species present is the protonated sol- 
vent. No matter what the intrinsic strength of the 
added acid, the solvent limits the effective strength. 
This is known as the leveling effect of solvents. Two 
acids of very different strength in one solvent may 
be essentially indistinguishable in another, so that 
an extended acidity scale must include measure- 
ments in a number of solvents. 

The extension of the term acidity from proton 
donors to include electron pair acceptors was sug- 
gested by G. N. Lewis and has been widely applied 
to aprotic solvents. The electron pair is often asso- 
ciated with a single element anion such as the ox- 
ide, fluoride, or chloride ion. Acid-base systems 
may be established in a specific group of solvents 
involving such anion transfers. An acidity scale 
may be constructed for materials which contain no 
hydrogen and compared with the more familiar 
acidity scale. See Acid and base. 
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Although solvents normally are employed in a 
relatively narrow temperature range, materials 
which are gaseous or solid at room temperature 
may be quite useful solvents at lower or higher 
temperatures, respectively. Liquid ammonia, pro- 
pane, and sulfur dioxide are examples of the first. 
Fused salts as well as liquid metals are interesting 
examples of high-temperature solvents. They have 
not been extensively investigated or treated as sol- 
vents, although some important industrial proc- 
esses employ such materials. For example, cryolite 
is used as a solvent for alumina in the electrolytic 
production of aluminum. [h.h.iiy.] 

Bibliography. L. F. Audrieth and J. Kleinherg, 
Non-aqueous Solvents^ 1953; T. H. Durrans, Sob 
vents^ 7th ed., 1957; J. H. Hildebrand and R. L. 
Scott, The Solubility of Nonelect roly tes^ .3d ed., 
1950; 1. Mellan, Source Book of Industrial Sol- 
ventSf vols. 1 2, 1957. 

Solvent extraction 

A technique, also called liquid extraction, for sepa- 
rating the components of a liquid solution. This 
tec’hniqiie depends uptm the selective dissolving of 
one or more constituents of the solution into a suit- 
able immiscible liquid solvent. It is particularly 
useful industrially for separation of the constituents 
of a mixture accoiding to chemical Ivpe, especially 
when methods that depend upon different physical 
properties, such as the separation by distillation 
of substances of different vapor pressures, either 
fail entirely or become too expensive. 

Industrial plants using solvent extraction require 
equipment for carrying out the extraction itself 
(extractor) and for essentially complete recovery 
of the solvent for reuse, usually by distillation. See 
Distillation; Evaporation; Stripping. 

Applications. The petroleum refining industry is 
the largest user of extraction. In refining virtualh 
all automobile lubricating oil, the undesirable con- 
stituents such as aromatic hydrocarbons, which 
have poor chemical and viscosity -temperature char- 
acteristics, are extracted from the more de^^irable 
paraffinic and naphthenic hydrocarbons. The prin- 
cipal solvents used are furfural, phenol, and a com- 
bination of phenol with propane and cresylic acid: 
nitrobenzene and 2,2'-dichloroethyl ether are used 
in minor amounts. Liquid propane is also used pref- 
erentially to extract the desirable constituents 
from unwanted asphaltic compound^. 

Bv suitable catalytic treatment of lower boiling 
distillates, naphthas rich in aromatic hydrocarbons 
such as benzene, toluene, and the xylenes may be 
produced. The latter are separated from paraffinic 
hydrocarbons with such solvents as liquid sulfur 
dioxide, furfural, and ethylene glvcol to produce 
high-purity aromatic hydrocarbons and high-o<’- 
tane gasoline. 

Gasoline is “sweetened.” or freed of its sulfur- 
containing compounds, by extraction with aqueous 
caustic solutions containing various naphthenic and 
aromatic acids, or methanol, to modify the solvent 
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characteristics. Aqueous copper ammonium acetate 
is used to extract butadiene from other 4-carbon 
hydrocarbons in synthetic rubber production. 

Vegetable oils are separated into relatively satu- 
rated and unsaturated glyceride esters with fur- 
fural or liquid propane as solvents. The former are 
edible products; the latter are drying oils used in 
paints. Fish oils are similarly treated and yield a 
high-vitamin fraction as well. 

In by-product coke-oven plants, phenols and other 
tar' acids are recovered from the ammoniacal liquors 
with benzene, trieresyl phosphate, butyl acetate, 
and other solvents in large installations. The phar- 
maceutical industry uses extraction to separate nat- 
ural impurities or unwanted chemical by-products 
from products such as synthetic vitamins, penicillin, 
Aureomycin, antihistamines, reserpine, and a host 
of others. 

All uranium for atomic energy purposes is 
freed t)f its impurities in aqueous solution by ex- 
traction into diethyl ether, tributyl phosphate, and 
other solvents. The reprocessing of atomic energy 
fuels for the recovery of plutonium, and the separa- 
tion of many of the other fission products such as 
the rare-earth metals, utilize solvent extraction ex- 
tensively. The otherwise hard-to-separate metal 
pairs, zirconium-hafnium and niobium-tantalum, 
are separated in quantity with comparative ease by 
these methods. 

Equipment. Extractors bring about direct contact 
of the feed (solution to be separated) and extract- 
ing solvent in order to permit diffusional transfer 
of the constituents from the feed to the solvent. The 
rale of transfer depends upon the contact area of 
the two liquids and the degree of turbulence devel- 
oped within them. The extractor disperses one of 
the liquids in the other to produce large surface 
area, and relative motion t<i produce turbulenc-e. 
The extractor must also provide for the subsequent 
uiechaniial separation of the dispersion, based 
upon ihf? different densities of the liquids, to per- 
mit withdrawal of the two effluent products, the ex- 
tract (solvent containing the extracted constitu- 
ents) and the raffinate (unextracted residue). 

Mixer-settlers (Fig. 1) provide for these require- 
ments in separate ves.scis. The feed and solvent flow 
continuously through the mixer, in which the rotat- 
ing agitator disperses one of the liquids into small 
droplets immersed in the other. The size of this ves- 
sel must provide sufficient residence time for the 
liquids that the desired diffusional transfer occurs. 
The degree of agitation must be intense without. 



extract 


raffinate 


Fig. 1. Single-stage mixer-settler extractor. 



Fig. 2. Three-stage countercurrent mixer-settler ex- 
tractor. (From R. E, Treybal, Mass Transfer Operations, 
McGraw-Hill, 1955) 


however, producing so fine a dispersion that subse- 
quent settling is difficult. The dispersion flows to 
the settler, most simply a drum, in which low ve- 
locity and lack of agitation promote gravity settling 
and coalescence of the drops to provide clear efflu- 
ents. 

Since in such single-stage apparatus the extract- 
able substance approaches a concentration equilih- 
Hum in the effliient.s, nearly complete extraction re- 
quires a multiplicity of stages. An arrangement for 
countercurrent interstage flow of the liquids re- 
duces the amount of .solvent needed (Fig. 2). The 
compact modification of Fig. 3 has found particular 
favor in extraction of radioactive metals from 
aqueous .sointions in processes associated with 
atomic energy operations. 

To reduce the floor space and pump requirements 
for multistage extractors, a variety of vertical tow- 
ers is also used. These involve countercurrent verti- 
cal flow, under gravity, of one of the liquids in di.s- 
persed form through a continuum of the other by 
virtue of the different liquid densities. A packed 
tower (Fig. 4a) is a cylindrical shell, the bulk of 
which is filled with manufactured packing, such as 
rings or saddles, randomly arranged (see (tAS ab- 
sorption operations). The more dense liquid, in- 
troduced at the top, flows downward as a contin- 
uum. The less dense liquid enters at the bottom 
through small nozzles. The resulting small droplets 
ri.se through the heavy liquid, during which time ex- 



Fig. 3. Three-stage, box-type, mixer-iettler 
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Fig 4 (a) Packed tower extractor {b) Perforated tray 

extractor (From R E Treyhal Mass Transfer Optra 
tions McGrow Hill 1955) 


trdition nrrurs, and then coalesce into a bulk and 
leave at the top The packing serves to maintain 
the dispersion and provide moderate turbulence 
Ihe dispel sed licfuid may be either feed cjr solvent 
light oi heavy If heavy the droplets settle down 
ward Although the liquids ate not rcpeatcdlv dis 
pel sed and settled as in the multistage mixer set 
tier nevertheless multistage effects are obtained 
Spray toweis contain no packing and aie not as cf 
fee tive 

In ptrfoiatc*d trav toweis (Fig 4ft) the light Iiq 
Hid collects in a layei undei each trav and is dis 
peistd into droplets by the small pei (orations Ihe 
drops use thioiigh the heavy liquid which flows 
ac ross t ac h ti iv and through the downspouts The 
fiecjiicnt redispcrsion achieved makes these towers 
very effective Alteinativelv bv tinning the lower 
upside down the heavy liquid may be dispersed 

Mechanical agitation provided by rotating im 
pc Hers as in the towers of Fig So ft and r is 
used to obtain finci disfiersions and increased tur 
buicnee Ihc pulsed towei (Fig Sr/) provides the 
mec hanic al agitation by rapid (JO 100 c yc Ics inin ) 
small implitude (0 2S 2 in ) it c ipioc ating motion 
siipc nmposed upon the natural flow of licpiids as 
ibev altcinitcly piss thiough small (tei forations m 
the {ditcs I Ins IS particulailv useful fot handling 
iidioiriiM licpiids since moving (larts mav be lo 
I itf d in 1 plac t oi saletv 
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In all these designs, the tower diameter is gov- 
erned by the quantity of liquids to be handled, the 
height by the number of stages of extraction re- 
quired. Towers up to 15 ft in diameter and 125 ft 
tall have been built. Auxiliary equipment may in- 
clude pumps for movement of the liquids, motor- 
drives for agitators, valves and flow meters for 
control of flow rates, and liquid-level control instru- 
ments. 



Inc.) 

The eentrifiigal extractor (Fig. 6) consists of a 
series of perforated, concentric rings in a cylindri- 
cal drum, the whole rapidly rotated (2000 5000 
rpm I <»n the horizontal shaft. Liquids enter and 
leave through the shaft; they flow radially and 
countercurrently in the rotating drum he«’ause the 
effects of densit> differences are increased by cen- 
trifugal huce. The particular virtue <if this machine 
is the low residence time of the liquids, which has 
made it especially useful in the extraction of anti- 
biotic pharmaceuticals from fermentation broths. 
.SVe CoirXTKRCliRKKVT M ASS-TRANSKER OCERATION; 

Extraction; TVIass-tra?jsit:r operation; Mixing; 
Unit operations. [r. e. trevbal | 

Bibliofiraphvi R. E. Trevbal. Liquid Extraction^ 
1951. 

Somasteroidea 

A subclass of Asterozoa comprising sea stars of 
very generalized structure, the jaws often only 
partly developed (and showing clear evidence that 
the jaw' skeleton arose from the base of the arm 
skeleton). The skeletal elements of the arm are 
arranged in transverse rows termed meta pinnules, 
arranged in a double series, one on each side of 
the arm. The inetapinnuies are built up of separate 
rod-shaped ossicles (called virgalia), with one 
metapinnular row supported by each ambulacral 
ossicle. These and other features indic^ate a proba- 
ble derivation from some crinoldlike ancestor. 

Somasteroids are sluggish sea stars, living on 
soft bottom, depending to a large extent upon 
ciliary currents and tube-foot mechanisms for ob- 
taining small organisms as food. The oldest 



Chinianaster levyi, reCbnstruction of arm. (After W. K. 
Spencer) 


somasteroids are found as fossils in early Paleo- 
zoic deposits of late Cambrian (Tremadoc) age. 
A living representative is Platasterias^ found in 
west Mexican coastal areas. Somasteroids arc; the 
precursors of modern sea stars, whose structure U 
evidently derived from an original pinnate pattern 
like that of soinasternids. See Asteroidea; A^teh- 
ozoa; Crinoioea; OpirmRoiuEA. [h. b. 

Bibliography i H. B. Fell, The; phylogciiy of sea 
stars, Phil. Trans. Roy. Soc. London, Ser. /?, 
246: .581- 48.5; 196.3. 

Somatization 

A type of neurosis. Perhaps the simplest and most 
diffuse form of neurotic symptomatology are the 
so-called neurasthenias in which the principal com- 
plaint is a general malaise involving a loss of en- 
ergy and zest along with a vague sense of aches 
and pains and fatigue. The symptom pattern is gen- 
erally taken to indicate a high price in energy ex- 
penditure in maintaining strict repression over un- 
acceptable impulses along with a secondary gain 
in terms of care from others that exceeds the gain 
obtained from one’s presymptomalic life. Neu- 
rasthenic symptoms tend to be centered ahonl 
those activities in the person’s life that have proved 
either m»tably unrewarding or internally stressful. 

Hypochondriacal symptoms, in the form c^f exag- 
gerated somatic complaints accompanied by a 
strong but ambivalent fear of falling ill, and with 
much (concern about diet, elimination, and health, 
represent another form of somatization. A common 
origin of hypochondriacal symptoms is a familv 
background where parents were excessively con- 
cerned with the health of children and in which 
sickness was rewarded with attention. Feelings of 
inadequacy on the part of the patient later in lif^ 
may then be translated into reward-seeking .somatic 
complaints. 

Both hypochondriacal and neurasthenic symp- 
toms are relatively nonspecific reactions in contrast 
to the conversion symptoms of the hysteric (ac<? 
Hy.steria). When one Cbnsiders the mart specific 
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forms of psychosomatic complaints such as essen- 
tial hypertension, certain forms of ulcerative coli- 
tis, and gastric ulcer, however, there is a closer 
link to whdt has been described as conversion 
s>mptomatology What characterizes the psycho 
somatic redc tion in c ontrast to the other somatizing 
patterns is that theie is an involvement of specific 
oigdns under the control of the autonomic neivoiis 
s\stem Although the origin of psychosomatic ill 
IS presumed to be psychological in nalute the 
c onsecfuences mdv be iireveisiblv pathologic in the 
oiganic sense Then is much speculation and some 
research (for c'xample bv T M Fiench and 
1 Alexander) on the relationship beti^een psvclni 
d\namic patterns and specific organ involvements 
in psvc hosomatic disoiders usually staled in the 
form of the symbolic ippropriateness of the nigan 
s\stem as an expression of a coie pioblem in the 
person’s life Howe\er the precise nature of “or 
choice ” as it is called is pooih understood 
It seems like 1> that the autonomic ncivoiis system 
ind Its feictivit\ to anxiety and internal stress ait- 
ilosely related to the etiology of psychosomatic 
disturb me es Fsscntiil hypertension is a else in 
fxiint When fortximple theie is chronic uniec 
i^ii/cd ind iinrcsoUrd hostility to the point al 
most of innci i igc mcl other more ippiopriate 
me ms of expression iie uni\ailible a seyeit au 
tononuc Halt up with diimitir clcyation of blood 
picssiut md\ occur ind in turn lesult in physio 
logical sti|utlie which uc pole nti illy nuvcisible 
ind may tin eaten the patient's suryiyal See An 
NoiiMAf niiixyioR Niliiosis 

|j S HK1MH W Mlscmil 

Somesthesis 

Ihf general name foi all systems of sensitivity 
present in the skin (c ntaneous sensitivity) muscles 
ind their attic hments (kinesthc sis) yjsceral or 
,.ms (oiganic sensitnity) and iionaiiditory laby 
until of the eai (ycstibulai si nsitivity I Somes 
thesis iriyolies all three kinds of rtceptois in the 
common physiological classification of the senses 
l»iscd on sonic c of stimulation exteioc eptois (cu 
lineous) inlet Of tptors (oigmic) and proprio 
ceptors (kinc'sthctic and vestibular) 

Nerves leading to and from the peiiphei.il fiaits 
of the body aie uiganized segmcnlallv, there is an 
orderly spacing ot yertebiae and spinal neives 
I ach spinal nerve supplies a limited legion of the 
''km and deep tissues lying be neatb it The skin le 
►xion into which a given spinal nerye proliferates is 
‘ ailed the dermatome of the nerve Since peripheral 
branches of two or even three spinal nerves may 
^ncrlap in a given skin region mapping of the der 
matomes becomes difficult In animals, dermatomes 
iRdv be outlined by rutting three spinal routs above 
tnd three below the one studied, thus isolating the 
'*pinal root of inteiest This is the method of “re* 
*n lining sensibility ” In humans, dermatomes may 
he established by noting the distribution of skin 
^luptjons in “shingles” (herpes zoster), a virus in- 
fec turn of spinal roots 

A nerve leading from a deimatome to the cord 



Fig 1 Human dermatomes The letters indicate the 
regions of the spinal cord represented C, cervical, T, 
thoracic L, lumbar The numbers refer to particular 
segments of the spinal cord (T Lewis, Pam, Macmillan, 
1942 ) 

contains fibeis promoting ail soinesthetic functions 
sAccoidingly severance of the neive will produce 
anesthesia to prtssuie cold, warm and pain stimuli 
in the deimatome After entiaiue to the spinal 
cold however, there is a separation of paths into 
functional gioups rather than on a segmental an^ 
tomical basis Fibers carrying impulses of prcssuie 
sensation pass into the cord by way of the dorsal 
roots of the spinal neives asc end the c ord loi a few 
spinal segments and then terminate in the interior 
gray matter Connecting fibers next do either of 
two things (1) cross over to the opposite side of 
the cord to continue upward in the anterior spino- 
thalamic tract or (2) continue upward in the dor- 
sal column on the same side as £ai as the medulla 
The net lesiilt is that such fibers, from a given der- 
matome. arrive at both sides of the niediilla Heie 
the fibeis that have not previously crossed to the 
opposite side now do so, joining those that crossed 
over at the spinal level 

Fibers for pain and temperature follow a eoiirse 
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different from that for prp«»8ure. They invariably 
cross to the contralateral (opposite) side by way of 
collateral fibers immediately upon entering the 
cord. These ascend the cord in the lateral spino- 
thalamic tiact, pass through the medulla, to termi- 
nate in the thalamus, without further crossing or 
connecting w'ith new fibers. 

The o\er-all eflFect is that pressure and touch 
have dual representation throughout much of the 
length of the cord, while temperature and pain 
have single, and contralateral, representation. 

From the tlidlamus, somcsthetic fibeis radiate up- 
ward to the cortex of the parietal lobe wheie tliev 
are piojected on the postcentral gyrus, located 
just dorsal to the prominent fissure of Rolando. The 
“method of evoked potentials,” a technique of le- 
cording electrical changes at the coilex induced b\ 
peiipheral stimulation, may be used to demonstrate 
that the topogiaphic relations of the bodv surface 
apparentlv lost in transmission up the cord, are 
projected in an ordeilv fashion on the postcenlial 
gvrus (.see Nn’Kocinsioi oov ). Modal differentia- 
tion seems to have disappeared, that is, there are no 
“pressure areas,” “cold areas,” and so forth dis 
covcf able on the cortical suifac e. 

Projection c»f bod\ topographv on the parietal 
coitex IS not onlv surprisinglv oiderlv, with each 
segment arranged in natural st'cpience, but iheie is 
also a “spare” projection region foi sc»mesthelic 
inipuKes in the cortev. A similar situation is seen 
in the second visual ptojec'tion outside the piima?\ 
diea and the three, or possiblv four, projections of 
the aiiditorv apparatus on the c'ortc»x. Somatic 
area II. as it has been named, lies on the lateral 
surfac'c of the c*ortex, between somatic aiea 1 and 
the primarv aiiditorv area of the temporal c’ortex. 
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Fig. 2. Spinal pathways for somesthesis. (S. W. Ran- 
son. The Anafomy of the Nervous System, 7fh ed.. 
Saunders, 1943) 



Fig. 3. Somesthetic projection on the parietal cortex. 
Areas: C, cervical; T, thoracic; L, leg; Ca, caudal; S, 
sacral. (C. N. Woolsey, W. H. Marshall, and P- hard. 
Bull, Johns Hopkins Hosp„ 70:399^441, 1942) 

Caipful mapping of somatk If, b> the evokrd po 
tential method, reveals fate, aim. and leg sei tjori*- 
j'list as somatu T does. An important point of diffei 
enre, howe\er is that somatu* II is a hi lateral pro- 
je<*tion area, receiving impulses liom bolh sides oi 
all regions of the bod\ Potentials evoked Inmi the 
opposite side of the bodv are about twiee as large 
as those corning from the same side Somatu II also 
seems to be j/itimatel\ linkc*d to the motor rnec ha 
riism since upon diiec*t elcitiieal stimulation, it will 
produce muscle twitches in the peiipherv. a phe 
iiomenon not obtainable in somatu aicM I. See (a- 
lANfoi’s sinsmton; Itch: KiM'shd ik sins\ 
iion; P\i\, fin\MOTis; Paiiv, DKfp; PARtsint 
sia; Siiriocnosis; Ti m 1*1' rati nil SINsrs, 
Tic Ki I ; Toiu IT. 

Tl . A. M I nAKUl 

Hihliapraphy: F. A. (Teldaid. The Human Scvises, 
195d: C. T. Morgan and K. Stellai, PhvsioJogit al 
f'syr/io/ogv, 2d ed.. 1950; R. S. Woodworth and 
H. St 11104)01 g, K\penmental Psychnlogv. lev. ed , 
1954. 

Sonar 

A term that refer*? both to the applic^ation of un- 
derwater sound to the detection and location of ob- 
jec’ts in the s>ea, and to the apparatus used in such 
applications. The word is derived from “Sound 
Navigation And Ranging”; the British use the 
word asdic. Sonar methods are used widely in rta\a1 
warfare, especially in the detection of submerged 
submarines. Since electromagnetic radiations, such 
as visible light or radar, do not penetrate the sea 
significantly, sonar is the most successful method 
of underwater detection. Except for underwater 
telephones, sonar is also the only means by which a 
fully submerged submarine can appraise itselt of 
what is happening around it (see Underwatkb 
TKiF.PHONi:). Thus it is used by submarines to lo- 
cate surface vessels and other submarines, and to 
navigate through a mine field or under tht ice in 
the Arctic Ocean. 
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There are two general types of sonar methods, 
active and passive. Tn an active sonar system a 
pulse of sound is generated by the searcher and 
projected into the water. This sound is reflected 
back from the target and detected by the seaicher 
as an echo. Since the speed of sound in sea water 
is known, the range and also the bearing of the 
target are found. This method is also called echo- 
ranging. Tn a passive system the searcher detects 
the noises emitted bv the target. Unless more than 
one listening station is involved, passive sonar pro- 
vides infoi Illation onlv as to the evisience of a n<iise 
source and its bearing fiom the searcher. Because 
the noise ladiated from a ship is often characteiis- 
tic of the type of ship, passive sonai, in contrast to 
active sonai, may help in classifying the target. 

The particular sonar svstem used in a given mili- 
tarv situation depends upon opeiational oi tactical 
lequirements Since active sonai s\ stems involve 
the delibeiale emission of sound, vvhidi discloses 
the searcher to easy detection bv otliei vessels, thev 
aie used sparinglv bv submaiines, wliith relv on 
(oncealment for then safetv. The a* live sv stems 
die thcicfoie used luainlv by surface aiitisiibiiia 
line vessels, such as destroyers, since thev gcmei 
al!v c»tK*ratc‘ in an enviionment v\hich is too noisy 
for svucessful passive detection of a quiet sub 
niaiine This interfering noise may be gencualcd 
liv the antisiihmaiine vessel ilsell moving at high 
sfieed or bv c»thc‘i ships in the \i(inilv which il mav 
lie esc OI ting For a discussion of ship noise and 
caller related infoimation, vcc Umiikwviiii soi nii 

There is a wide variety of sonai systems othei 
than those c airic*d bv ships. Sonar may also be used 
bv aircraft for submarine detection by dropping 
buoys (cMlIed sonobuoys) in the watei, bv mine 
sweepers in locating mines, oi by acoustic toipe- 
clocs. There are also nonmilitaiy applications So 
nar may be used for detectiem c»f st hools of fish cu 
for the location of submerged wiecks An echo 
sounder, or depth indiiator, i- essentially an ac 
tive sonar svstem which sends sound pulses to the 
scM bottom. See AtonsTir torptdo; Aniisubmv 
KlNF WAKJ AKl ; E< HO sorNiifR; SoNoiuiov 

Active sonar. Active sonai systems consist of 
the following: c>ne or more transducers to send and 
leceive sound, electiical and electronic cqiiifhnent 
for the generation and detec tion of the elec trical 
impulses to and from the liansdurer, and a displav 
or leeorder sy’^stem for the observation of the re 
teived signals (see illiisliation). 

The transducer is located within a yvater- flooded, 
‘Streamlined sonar dome in order to reduce noise, 
genciated by the motion of the transduc er thiough 
die water. On a surface ship the sonar dome is 
Usually mounted on the keel in a location that puls 
li as deep in the water as possible. To inc’iease 
*his depth, a towed sonar is sometimes used. Towed 
''Oiiar also can be used from blimps or helicopters 
The receiving transducer of an active sonar is di- 
rectional in order to resolve the bearing of the tar- 
get. See Direc tivity; Transducer, underwater. 

Sound pulsing. A narrow bandwidth pulse of 
electrical energy is applied to the transducer. 
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Active sonar system. (From H. F. Olson, Acoustical En- 
gmeenng, 3d ed.. Van Nostrand, 1957) 

which ill luin gcneiales a similar pulse of acoustic 
energy in the water. Targets in the beam reflect 
part of this energy Jiac'k either to the same trans- 
ducer or to another receiving transducer, which 
c onvcils this to elec liical energy. This signal is am- 
plified and then displayed as a function of time 
aflci the oiignidl emission, thus indicating reflect- 
ing targets in the bc'am of the transducer. The so- 
nar frecpienc les emiiloyed die generally in the 
range ol .'>,000 .SO.OOO eyc'les pvr seeemd. The 
pulse is ie|»edled periodically at a rate which de 
pends upon the maximum lange obtainable. 

IhspUn sy\tems Various tvpes of display or le- 
eoiding systems aie used. Often both a visual and 
an aural presentation is made to the sonar opera- 
tor In an aural presentation the outgoing ]mlse 
(ping) IS hc'aid billowed by the returning echoes 
which come hac k fioin along the sonai beam, (The 
fiecpjenc les whieli are pre»*c‘nted are s(alf*d down 
from the original ones ) 

One type of visual indiearo? is a range lec older. 
In this a stylus moves across a chemically treated 
paper wliiili is darkened electro ally h\ a ieiei\i*d 
signal. The paper moves at a constant rate and the 
sivlu'^ is phased so that it starts each sweep as a 
sound fiiilse i-. emitted. The distauce along the 
trac’e at whic’h an ec’ho appears is then a measure 
of the range to the target Sinf*e suc*ce'-sive echo 
pulses aie displayed adjacent to one mother, the 
motion oi the laiget relative to the searching vessed 
may be determined. 

An oscilloscope presentation is used with *a 
scanning sonar. Here the emitted sound pulse is 
sent in all directions, and a directional receiving 
beam js rotated electrically in a horizontal plane. 
The loc ation of the ship is at the center of the os- 
cilloscoiie pattern, and the ‘•pot of the oscilloscope 
moves outward in a direction corresponding to the 
axis of the lec’eiving transducer. The intensity of 
the illuminated spot vaiies with the received signal. 
This display, which gives both the range and di- 
rec tion of the v arious targets, is aNo used in radar 
and is called a plan-position indicator (PPI). 

A cathode-ray lube mav be o])eiated in still an- 
other wav so that the spot, initiated with the out- 
going pulse, moves from left to right, the received 
signal deflecting tire spot in the vertical direction. 
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This is a variable-displarement indicator and 
shows targets as a function of range for a fixed 
bearing. In radar such a display is called an 
A-Scan. See Radar. 

Performance factors. Many factors influence 
the performance of an active sonar system. Chief 
among these, particularly since it can be so vari> 
able, is the propagation loss in the water between 
the sending transducer and the target. This loss is 
determined by the frequency of the sound and by 
the. thermal gradients in the ocean which refract 
the sound waves. 

Another determining factor is the reflecting 
power of the target, or target strength. For an 
echo to be detected it must be of greater strength 
than other signals which may be received. These 
interfering sounds are generally due either to so- 
nar self-noise or to reverberation. 

Sonar self-noise is the noise which is generated 
by the motion of the ship carrying the sonar. Most 
of this sound is generated by (cavitation and turbu- 
lence from regions very close to the transducer. 
Self-noise increases rapidly with the speed of the 
ship, especially above the speed where cavitation 
sets in. See Cavitation. 

Reverberation refers to the combination of all 
the echoes returned to an active sonar system 
from the ocean itself. This includes the surface and 
bottom, bubbles, suspended marine organisms, and 
inhorn(»geneitics in the sea. A sonar operator hears 
reverberation as a quavering ring which sets in as 
soon as the outgoing sound pulse has been emitted. 
Sint'e reverberation is the resultant of a large num- 
ber of very weak s(*altered echoes, it is statistical 
in nature so that the individual echoes are not re- 
solved. There are three kinds of reverberation: 
volume, surface, and bottom. Volume reverbera- 
tion, which arises in the water itself, is evident as 
soon as the outgoing pulse leaves, and decays fairly 
rapidly thereafter. Surface reverberation appears 
as soon as the outgoing pulse encounters the sur- 
face of the sea. This type of reverberation in- 
creases markedly with increased sea state. (The 
term sea state refers to the conditions of the ocean 
surface; for details, see ,Ska STATE.) Bottom re- 
verberation is due to irregularities in the ocean 
bottom and may be the most significant reverbera- 
tion in shallow water. 

Target strength is a term used with active sonar 
to give a quantitative measure of the echo returned 
from an object back along the direction from which 
the incident sound came. Since reflected or scat- 
tered sound intensities are generally propor- 
tional to the incident intensity * W, /r'^, where 
r is the distance from the target and ^ is a constant 
which measures the scattering or reflecting 
strength of the target. For most objects, k depends 
upon its orientation. The target strength T is de- 
fined as k measured in units of decibels (db) ; that 
is, 7* 10 log k. For a perfectly reflecting sphere 

of radius a (where a is larger than the wave- 
length), r « 20 log (a/2). Generally the yard is 
chosen as the unit of length in the definition of 


target strength. Since log 1 » 0, a sphere of 2-yard 
radius has a target strength T » 0. Therefore, an 
object’s target strength T is a comparison of its 
reflecting strength with that of a sphere of 2-yard 
radius. For example, an object with T = —6 db 
has the equivalent reflecting power of a perfectly 
reflei^ting sphere 1 yard in radius. 

The sonar Doppler effect is the change in fre- 
quency of a sonar echo due to target motion. As in 
all wave motion, there is a frequency shift in a 
sound wave reflected from a moving target. Since 
the sound scatterers in the sea which are responsi- 
ble for reverberation are relatively fixed, an echo 
from a moving target can often be detected in the 
presence of reverberation by having a different fre- 
quency. See Doppler effect. 

Passive sonar. This is an underwater acoustic 
system which gains detection by merely listening 
for noise radiated by a possible target. Passive 
systems have the distin(;t advantage of being unde- 
tectable themselves but have the disadvantage of 
having to take in all the sea and ship noise. Modern 
submarines carry passive sonar apparatus which is 
believed to be capable of detecting ships as far 
away as 100 miles under favorable ('onditions. A 
passive system consists of a highly directional and 
trainable transducer or array of transducers, elec- 
tronic amplifiers, and a display system. The d»play 
is usually aural; consequently the frequencies em- 
ployed generally lie in the audible region. 'Fhese 
are also the most favorable frequencies in terms 
of the spe('tl*um of noise radiated by ships. The 
noise emitted by a ship which is detected by pas- 
sive sonar comes from the operation of machinery, 
primarily the propulsion maidiinery, and impul- 
sive beats from the rotation of the ship’s propellers. 

1’he effectiveness of passive sonar depends upon 
the magnitude of the radiated noise, the propaga- 
tion loss between the radiating ship and the sonar, 
and the background noise observed by the sonar. 
This limiting background noise may be self-noise 
or ambient sea noise. The former is noise generated 
either by machinery on the listening ship or by its 
motion through the water. If the ship carrying the 
sonar is in a quiet condition and is moving .slowly, 
the self-noise may be reduced sufficiently so that 
ambient sea noise becomes the limiting factor. 
This is the general continuous spectrum of noise 
which is found naturally in the .sea. Since ambient 
sea noise comes from all directions, its effect rela- 
tive to a target may be decreased by improving the 
directivity of the sonar. See Ultrasonics. ( r.w.mo. | 

Bibliography. J. W. Horton, Fundamentals of 
Sonar, 2d ed., 1959. 

Sone 

A unit of loudne.ss. It has been found that, contrary 
to popular belief, the subjective loudness of a 
sound is not directly proportional to its sound pres- 
sure level in decibels (db). In one research study, 
listeners were asked to adjust the intensity of a 
lOOO cycles per second (cps) tone until it sounded 
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Sonic barrier 

An aeronautical term coined during Woild War II 
to svmholize the technical difficulties for manned 
airc raft in acc elerating through the speed of sounci 
In designing and testing subsonic airplane^ to fly 
at increasingly higher speeds, aer<inautical engi 
neeis found the following adverse effects as the 
speed of the airplane approached the speed of 
sound a rapid rate of increase in drag breakdown 
of lift, and loss of control and mdneuverabihtv of 
the airplane Such experience suggested that these 
violent and uncontrollable aerodynamic phenomena 
might be inevitable in the transonic range of speeds 
(that is, in the immediate vicinity of the speed of 


sound) These adverse effects are collectively and 
looselv termed the sonic barrier On the other hand, 
cannoneers had long known that ballistic aitillery 
shells had no diffic iilty moving through the atmos- 
phere at speeds considerably in excess of the speed 
of sound 

As a result of intensive research during and after 
World War II, the source of most of the difficulties 
has been traced to the formation of local shock 
waves, which in tuin interact with the boundary 
layer and induce flow separation from the aero 
dynamic sui faces By careful choice of geometrical 
shapes, such as use oi thin wings and slim bodies. 
It has been found possible to design an planes with 
f(lati\el> smooth flow characteristics through the 
transonic speed range Although the increase in 
drag with flight spe^d is inevitable, it can be kept 
at a manageable level and be overcome by more 
powerful prcfpiilsion devic es See Transonic 
I 1 I(*H1 

Although flight at speeds in excess of the speed 
of sound has been achieved, the theoretical prob 
leni of pi esc ribing the tiansonic flow field ovei ob 
pets of arbitrary geometric shape remains a 
foimidable one The difficulty is partly malhemati 
al and partly the n*suit of flow discontinuities 
<«ui h as shock waves and flow separation, which 
make it difficult to specify the boundary conditions 
for the flow field even though the shapes of the 
obfccts themselves are known See AlBPl ANF 

rs( li 

liihhogiiiphy T \on Karman, Collected W orks, 
\ol 1 l‘«6 

Sonic boom 

Vii ex|)losivelike sound heard when an aircraft in 
the VIC Hilly of an observe! maneuvers at supersonic 
speed The characteristics of a sonic boom or of 
sonic bangs vary according to the situation Ob 
serve! s most often report hearing two bangs in 
quick succession Sometimes they hear only one 
bang but they orcasionally report hearing three 
or mccre bangs from a single maneuver Although 
some of the reported bangs mav have been due to 
extraneous effec is, sue h as sudden ignition of after- 
burners in some turbojet engines actual sonic 
bangs are caused by the arrival at the observer of 
am raft indue cd shoe k waves 

Sonic boom c an be sufficiently intense to damage 
property, loud bangs are certainly physiologically 
damaging Thus the booms constitute a potential 
limitation to military and commercial flight at su- 
personic speed at low altitudes. 

If the relative speed of approach of the aircraft 
toward the observer is always less than the speed 
of sound, no bang will be heard If the relative 
speed of approach becomes sonic for a finite pe- 
riod, all disturbances generated during that pe- 
riod will reach the observer together with their 
combined local intensities and produce a single 
bang If the relative speed accelerates through the 
speed of sound, there must exist two points along 
the flight path at which the relative speed of ap- 
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proach passes through the sonic vaJiie, if collision 
with the observer is to be avoided. In this case, two 
hangs will he heard. The bang originating from the 
point of relative sonic speed closei to the observer 
will be heard first and will also be the louder of 
the two. [s.r.L.l 

Bibliography: T. (iold. The double bang of su- 
personic aircraft. Nature^ 170(4332) :808, 19S2. 

Sonics 

A term used to desc ribc the technology of sound, or 
elastic wave motion, as applied to problems of 
measurement, control, and processing. It is a 
branch of acoustics which relates primarily to 
ptocesses and techniques, as distinguished from 
those studies which relate to man's hearing. 

Ultrasonus is the term applied to sound whose 
frequency is in exce&s of approximately 20,000 
< vcles per second (cps). See Ultrasonics. 

Infrasonics is the term aptdied to sound whose 
frequencv is less than approximately 13 cps. These 
sounds are also referred to as having subsonic 
frequencies. Many problems in vibration, oceanog- 
raphy. seismologv, and the dvnamu behayior of 
elastic materials aie analyzed by treating the phe- 
nomenon being studied as sound waycs of infra- 
son ic frequency. See SouNii. | w i.c.*) 

Sonobuoy 

An acoustic listening buoy employed by aircraft 
for the detection of submerged submarines. A sono- 
buoy is dropped or parachuted from low altitude; 
after it contacts the water, a hydrophone (a trans- 
ducer which receives underwater sound signals) is 



Releasing a sonobuoy from o Navy ship. (OBtaal U,5. 
Navy photograph) 


lowered and an antenna raised for radio trans- 
mission. The sonobuoy carries batteries which 
power a radio transmitter so that the sounds picked 
up by the hydrophone can be monitored by per- 
sonnel in the aircraft. Several radio channels ordi- 
narily are available so that the antisubmarine air- 
craft can lay sonobuoys in a pattern about the 
suspected position of the submarine. Since the 
sonobuoy detects the propeller or cavitation noises 
of the submarine, the range of detection depends 
upon the speed of the submarine and is relatively 
limited if the submarine is moving slowly. 

The advantages of sonobuoys in antisubmarine 
warfare are considerable for they allow aircraft, 
which have a large speed aivl which are relatively 
invulnerable to attack by the submarine, to be 
used against submarines. If the submarine chooses 
to avoid detection by proceeding slowly, then time 
is allowed for the arrivral of surface antisubmarine 
vessels, which can use active sonar detection meth- 
ods. .Sec Aniisubmarinf warfarf; Sonar; IJndf.r- 
WATFR SOUND. 1 R.W MO ] 

Sorghum 

Sorghums include many widely cultivaled grasses 
having a variety of common names. They were 
among the first wild plants to be doniestii ated by 
man, and were grown in Egypt prior to 220(f b.c 
The cultivated sorghums in the United States aic 
usually classified as a single species. Sorghum vul 
gare, althougj^ there are several varieties. The two 
major types are the gram, or nonsaccharine, soi- 
ghums cultivated jirimarily for grain and to a lesser 
extent for forage, and the sweet, or sac’charine, sor 
ghums used for forage and for making syrup. 

Grain sorghum. This crop is grown primarily in 
those areas of the United States in which rainfall 
is below minimum or temperature is above optimum 
for corn. It is most extensively grown in the Great 
Plains area with the greatest acreages in Texas, 
Kansas, Oklahoma, New Mexico, Coli>rado, Ne- 
braska, and the irrigated valleys in California. 
Grain sorghum is fed primarily to livestock and in 
feed value is nearly equal to corn. The average an- 
nual farm value for 1945-1954 was $175,674,800 

Origin and dest ripiion. Sorghum is believed to 
have originated in Africa although it was earlv 
grown in China, India, and Near East countries. 
Grain sorghum was brought from Africa to the 
United States in 1850. The types first introduced 
were tall and not well adapted to mechanized har- 
vest. For this reason grain sorghums did not expand 
rapidly in acreage until new varieties with shortei 
stems were developed that could be harvested with 
a combine. .See Agricultural machinery. 

Grain sorghum, in the early .stages of growth, 
closely resembles corn, but at later stages it be- 
comes strikingly different. Sorghum plants mav 
tiller (put forth new shoots) profusely, producing 
several headbearing culms from the lower nodes 
See Stem (boiany). The drought tolerance of 
grain sorghum is due in part to its ability to pro- 
duce new tillers from the crown of the plant when 
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soil moisture again becomes favorable for growth. 
The inflorescence varies from a dense to a lax pani- 
cle, and spikelets produce perfect flowers that arc 
subject to both self- and cross-fertilization. See 
Flower (botany) ; Recroduciion, plant. Mature 
grain in different varieties varies widely in size and 
in color from white to buff, red, and brown. Color 
pigments are in the pericarp (outer covering) of 
the grain or in a layer of cells beneath the peii- 
( arp. See Fruit (botany). The endosperm (starchy 
material) of the seed of currently grown varieties 
is white, but a yellow endosperm type is now avail- 
able. .See Seed (botany). 

Crain sorghums are classified into types desig- 
nated as milo, kafir, feterita, hegari, diirra. shallu, 
and kaoliang. This classification is based on mor- 
phological rather than cytological differences, since 
dll types (including also forage sorghums, broom- 
lorn, and Sudan grass) have 10 pairs of chromo- 
somes and freelv intercross. 

Varieties and hybrids. One of the first impoitant 
advances in grain sorghum improvement was the 
development of dwarf and double-dwarf combine 
t\pcs, first released in 1941 By lOfid, nearly 100^ 
of the grain sorghum grown in the United .States 
was of this type Combine t\pes iisuallv grow to a 
height of onlv 2%-.! ft and are minh moie resist- 
int to lodging than the earlier tall-growing varie- 
ties 

The second advance was the dis<o\er^ of evto- 
pldsmic male sterilitv in 19S2 This tvpe of sterililv, 
ds in corn, prevents formation of normal pollen and 
thus makes possible the production of commercial 
hybrid seed. Bee ause flowers in grain sorghum eon- 
tfiiri both stammate (male; and pistillate (temale) 
paits, the production of commercial quantities of 
hybiid seed was not possible without this sterility 
mechanism. In a period of only 5 years, grain sor- 
ghiim varieties have been almost completely re- 
placed by fiist geneiation hybrids adapted to a wide 
range in length of growing season from Texas to 
the Dakotas. The superiority in yield of many hy- 
hiids is as great as the superiority of corn hybrids 
over the older corn varieties. In the Corn Belt 
■states, grain sorghum hybrids are generally equal 
to c’orn in yield under favorable moisture c'onditions, 
and superior to corn on droughty soils (Fig.^t). 

Planting, (rraiii sorghums generally are planted 
in lows 38-42 in. apart with the same equipment 
used for corn. In some areas a grain drill is used 
hv stopping holes in the drill box to provide a de- 
'iied row width. Seed is drilled in the row at the 
rate of 4-6 seeds per foot of row, or about 5 lb** 
per acre. Because it is susceptible to pool germina- 
tion and low seedling survival under low soil tem- 
peratuie, grain sorghum is usually planted about 
2 weeks later than corn. Depth of planting varies 
^rom 1 to 2 in. below the soil surface. 

Cultivation. Seedling growth of sorghum is con- 
iderably slowei than that of corn and conse- 
quently control of weeds becomes more difficult. 
The seed bed should be well prepared and early 
^eed growth controlled prior to planting. A rotary 



Fig. 1. (a) A typical head of a grain sorghum voriety. 
(b) A hybrid. 

hoe IS effective in controlling weeds in the fiist 
(cultivation. .Subsequent cultivations are made as 
needed with the same equipment used for cultivat- 
ing ( orti. 

Harvesting (»rain sorghums are always harvested 
with a grain combine (Fig. 2) The danger of high 
grain moisture is a serious problem in hai vesting 
grain sorghum in years of excessive rainfall. Be- 
cause sorghum giain packs tightly, owing to its 
high bushel weight, the grain should not contain 
above 12% moisture to insure safe storage without 
heating. In the southwestern states high moisture 
grain is not a problem because the crop is har- 
vested earlier in the season when temperatures are 



Fig. 2. Dwarf type of groin sorghum has mode it 
possible to use combines for harvesting. 
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high and relative humidity is low In states further 
north conditions are unfavorable for diving in the 
field and the use of gram driers may become a 
standard piactice in these areas fi I I 1 

Sweet sorghum. Commonlv known as suigo, it 
was introduced into North America from China in 
1850, although its ancestry traces back to Egvpt 
It IS an annual, rather drought resistant crop The 
culms are from 2 15 ft tall and the haid coitual 
laver, or shell encloses a sweet iiiicy luth that is 
interspersed with vascular bundles (see Corifx 
PLANT, Pi HI, Vascuar hundiis) At each node 
both a leaf and a lateial bud alternate on opposite 
sides, the internodes are altcrnatelv grooved on one 
side I ea\es aie smcjolh with glossv or waxv sui 
faces and have margins with small shaip < lined 
teeth The leaves fold and roll up during diought 
The inflorescence is a panicle of vatving ^i/e ha\ 
mg manv primarv hr inches with pured ellipsoidal 
spikelets containing two floiets m each fertile ses 
sile spikelet I he plant is spit pollinated 

Seed IS planted iii niltnated lows and feitili/cd 
similarlv to coin Matiiritv \aiics between 90 125 
days The juice contains about J2^J sugar I he 
riidiii soighiim syiup produc ing area is in south cen 
tral and soulheastein linitcd States (lig 1) 
Sweet sorghum and cam sviup jiroduction iii thcM 
areas pnnianlv a farm industry dccrci'^ed from 
about 25 000 000 gal in 1959 to 7 000 000 gal in 
191i9 with sorghum svru() production decreasing 
ovc t 80^< 1 1 D It ] 

Sorghum diseases. In 1057 the total value of the 
I niteci Slates sorghum grain forage silage sviup 



Fig 3 Sweet sorghum in Oklahoma (USDA) 



Fig 4 Head smut on Leoti sorgo ia) Healthy head 
(b) Smutted head ^ 

and broonicoin hbci i rop was fi586 01*5 000 and 
losses froniydisenses wcic estimated at 29 000 000 
Dlst^scs fieipientlv arc limiting factors in piodiu 
lion ind may be classified in foiii gt nei il calc ^^oiies 
(1) thoM' tlial rot the seed and kill sKclIings (2) 
thi»se that attack the leaves making the plants b<«s 
vaJuahle foi forage (5) those tint attack and dc 
strov the giciin in the heads and (1) tho'^c that 
ittac k the roots and stalks 

Fungi causing seed lotting and needling disc i«.ts 
may be seed borne or soil inhabiting and aie mo^i 
destine five when the scul is cold and wet iltii 
planting Spec les of /wsfl/ium Pythntm Htfmintho 
sport urn. and one of Peninlliunt are the most ini 
portant fungi invohed (see Fungi) Damage miv 
be consider iblv reduced bv planting sound seed ol 
recommended varieties treated witli a good disin 
fectant in soil warm cmoiigh to insute prompt gei 
mination 

1 eaf and sheath diseases c aused h\ at least thic e 
species of bacteria and eight fungus species an 
generally favc»red by high tern pf*rat lire and humid 
conditions (see Bacifria) Disease lesions occur 
nng as discolored spots or streaks mav coalesce f<> 
involve the entire leaf Sanitation, seed treatment 
and the use of resistant varieties are rec ommended 
control measures 

Three smuts — covered kernel loose kernel and 
head smut -are the principal diseases attacking the 
grain (Fig 4) Kernel smuts are distinguished by 
the replacement of the grain with a dark soolv 
mass of sports, the covered tvpe contained m a 
semipermanent membrane in contrast to the easily 
ruptured gall of the loose smut Head smut destroys 


the entire head. Resistant varieties control kernel 
and head smuts to some extent, and seed treatment 
controls the kernel smuts. 

Three diseases of the roots and stalks are of pri- 
mary importance. Periconia root rot infecting the 
roots and crown caused extensive damage to niilo 
and darso sorghums until it was controlled by re- 
sistant varieties. Charcoal rot, most evident as the 
plant approaches maturity under extreme <u)ndi- 
tions of heat or drought, causes shredding of the 
stalks and extensive lodging. The development of 
resistant varieties appears to offer the only effective 
method of control. [h.a.ro.] 

Bibliography: See Agricultural sciknck 

(plant) ; Plant ihskase. 

Sound 

A mechanical disturbant'.e in an elastic medium. 
Elastic media include solids, licfuids. and gases. A 
mechanical disturbance is defined as any altera- 
tion in a property of a medium (such as pressure, 
particle displacement, or density) that can be 
detected by an instrument or a listener. Sound is a 
form of wave motion. Sound pulses propagated in 
solids, liquids, and gases aie called acoustic waves, 
or sound waves. 

The word sound is sometimes atifdie^d only to 
disturbances that produce an auditory sensation, 
a definition which is generally confined to non- 
scientific usage. For example, the sc.ientist would 
say. “1'hat sound is inaudible.” while the layman 
would say, “There is no sound.” Sound waves hav- 
ing frequencies above the audible or sonic range, 
that is, above about 20.000 cyclers per second (cps), 
are termed ultrasonic waves; those with frequen- 
<*ics below the sonic range, that is, below about 16 
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cps, are called infrasonic waves. The spectrum of 
sound is depicted in Fig. 1. 

This article discusses methods of detection of 
sound waves, radiation of sound, and propagation 
of sound waves, including propagation in the 
atmosphere. For related information, see Wave 
MOTION and the articles listed therein; see also 
Absorption (sound); Architectukal acoustics; 
Echo; Hearing; MtrsicAL acoustics; Noise, 
acoustic; Noise control; Noise measurement; 
Psychoacoustics; Reflection (sound); Rever- 
beration; Sound reproduction systems, elec- 
trical; Stereophonic sound; Ultrasonics; Un- 
derwater sound; Vibration. 

Detection of sound. When a mechanical dis- 
turbance occurs in a medium, it may be detected 
by observing a change in ( 1 ) position of the mole- 
cules, (2) pressure. (3) density, or (4) tempera- 
ture. 

A change in position of the molecules may be 
observed with a microscope focused on, illuminated 
particles of the medium; in gases and liquids, 
from the forces produced on a small disk around 
which the disturbed medium flows; or, in solids, 
from the shaking of an electromechanical trans- 
ducer attached to the solid (the shaking produces 
an observable voltage ) . 

A change in pressure may be observed by a 
device containing a diaphragm that moves in re- 
sponse to pressure changes and that, in turn, actu- 
ates either (1) an electromechanical transducer 
(thereby producing a voltage) ; (2) a marker for 
scratching on a moving screen; or (3) a valve that 
regulates a flow of gas so as to produce a visible 
fluctuating flame. One or more surfaces of some 
electromechanical transducers may also serve as 



frequency, cps 


I#— infratonic ■■ ■■ionic uitrotoni c ' 

PIq- 1 . Spactrom of sound. The intensity and fra- the sound audible to the human ear. (From G. E. Henry, 

quency of several sonic phenomena are roughly lo- UlPrasonics, Sci. American, ?90(5):54-63, 19S4) 

cated by the labeled boxes. The shaded orea indicates 
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the diaphragm, for example, a surface of a piezo- 
electric crystal. 

A change in density ma\ be observed from the 
diffraction of a light beam passing through the 
medium. 

A change in temperature mav be ohberved b> a 
sensitive thermocouple imbedded in the medium. 

In practice, sounds are general l\ detected bv 
electromechanical transducers or bv listeners. In 
gases and liquids the tiansducers mav be actuated 
bv changes in pressure at a point, in which case 
they are called pressure mi( rophones. Or, they mav 
be actuated bv changes in the different e between 
pressures at two adjacent points, in which case 
they are called pressure-gradient microphones. Be- 
cause the aveiage velotitv of the partic'les (mole- 
cules) in longitudinal waves is piopoitional to this 
(fuantity, pressui e-gradient microphones are often 
referred to as velocity microphones .Sec Mkko- 
PHONh. 

In solids, it is genet ally easier to observe the 
motion of particles of the medium than the pres- 
siiies in the medium To do this, vibration pickups 
are used. These are attached to some portion of 
the medium and lespond in pioportion to the dis- 
placement the velocity, or the acceleration of the 
medium at that pcunt. AccoidingK. lhe\ are called 
displacement, velocity, oi acceleration pickups, 
rc^spec ti\i*l>. Spp \ inuMKiN pic Ki P 

Pressures mav be measured in solids bv one of 
two procedures. One mav imbed in the solid a 
pressure sensitive electromechanical transducer 
whic’h will ptodiice a voltage related to the pies- 
sures ac ting on its sm lac es Or. one ma\ deteimine 
bv a separate experiment, the amount oi intc'rnal 
force fiecessai\ to displace an observable part of 
the Mil id. Then b\ observation of the displac’ernents 
c»f this part, the inteinal forces mav be ascertained. 

Definitions and formulas. To understand the 
subsequent discussion, one must establish a few 
bdsi« items t)f terminologv and their definitions. 

Static piessiire A'd is the barometric t>ressure in 
the medium with no sound waves present. 

Instantaneous sound pressure p(xj) is the in- 
cremental change from the static pressure at a 
given instant t and point x in the medium claused 
bv the presence of a sound wave. 

For a plane, outwardly traveling sound wave 
with a single frequency /, the instantaneous pres- 
sure is 


p{x,t) « s/ipn cos r/c)] (1) 

wheie V^po i^ the peak sound pressure^ ca equals 
Itt times the frequency /, and r is the speed of 
sound in the medium. 

Fur a spherical, outwardly traveling wave with a 
single frequency /, 

p{r,t) - cos [(ij(r - r/c)l (2) 

wheie \/2A{\ is equal to the magnitude of the peak 


pressure at unit distance from the center of the 
spherical source, and r is the distance to the point 
of observation from the center of the source. 

Effective (root-mean-square or rms) sound 
pressure p(jc) is the square root of the quantity 
obtained by squaring Eqs. (1) or (2) and averag- 
ing the squared result at a point x over a period 
7* 1//. The effective sound pressure at an> point 

X for the wave of Eq. (1) is therefore 

p(x) = po (3) 

It i«> seen that for an outwardly traveling plane 
wave the effective sound piessiire has the same 
value at all points. 

The rms sound pressure for Eq. (2) is 


p{r) - (4) 

It is seen that for an outwardly traveling spherical 
wave the effective sound piessuie dec reases linear I v 
with distance r. 

It is easy to show that if a scuind wave is made u() 
of a number of waves each of different frccpienc v 
fu /j, and so cm. and with effective values pi, p^, 
and so on. the effc‘ctivp sound prcssuie for the total 
at a point i is 

p(jic) = Vpr' f pr-1 p “ + • * •(SI 

Instantaneous particle velocilv n(xj) is the ve 
iocitv at point x of a givcm infinitesimal part of a 
medium at a given instant due to a sound wave. In 
other words, when a sound wave of frecpiencv / 
passes thicHigh a medium, it causes the pressme to 
varv siniisoidallv above and below baiometric 
pressure and also causes the air rnolc'c ulrs to vi- 
brate back and foith siniisoidallv in the diic*ction 
of tidvel of the w'dve 

For a plane outwardly tiaveling sound wave, 

w(r,f) = ^^^”cos [w(t - x/t)] (6) 

Por 

where po is the ambient density of the medium and 
c is the speed of sound. The product poc is called 
the characteristic* resistance (or characteristic im- 
pedance) of the medium and is» the constant relat- 
ing sound pressure and particle velocity in a plane 
outwardly traveling wave. 

Effective (root -mean-square or rms) particle 
velocity u{x) is found in the same manner as the 
effective sound pressure. The effective particle 
velocity at any point for the wave of Eq. (6) is 


u(x) 


p{x ) ^ po 
PoT por 


(7) 


For an outwardly traveling spherical wave the rela- 
tion is given by 


u(r) - 



( 8 ) 


where p{r) is given by Eq. (4). When the point of 
observation is far enough from the source, 
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„(r) - (9) 

POC rpoT 

and the relation between u(r) and p(r) is the same 
as that between u(x) and p{x). 

Sound intensity I{x) is the acoustic power pass- 
ing through a surface of unit area For example, 
assume that a spherical sound source radiates a 
power IT. To find the acoustic power per unit area 
of the sphere at radius r, one simply divides U b> 
the area of the sphere, so that the sound intensity 
at a distance r from the center of the source is 


I(r)- 


W 


( 10 ) 


\s can be seen from Fa\, (4), the scfiiare «»f the ims 
sound pressure of a spherical wave also decreases 
as (l^r-). so that I(r) must be proportional to 
lp(r)]-‘. It Is well known that the pioduct of 
p{xj) and u(xj) averaged over a period T = 1 / 
Melds the interisitv /( r ). Performing this operation 
on Fits ( 1 I and (h) \ields 


/(x) 


p(xj) X = 


\pi})V 

PoC 


po^ 

PiK 


( 11 ) 


^ow, considei the sound inteiisitv /(r) for out- 
wardly traveling sphciual waves Bv viitue of Eif. 
(0), which is valid for large values of r. and bv 
Mrtue of the observation that l{r) must alwavs be 
proportional to | p( r ) | , one is able to wiite 


hr) 


[p(r)V ^ 

poT r*p()C 


( 12 ) 


Thereloie. the relation between /(t) and 
[/;(i)| is the same as that between l(r) and 
fp(r)]-, namely poc, independent of the value of 
X or r It is noted, however, that / ( 1 1 is independ 
Pill of r, while Hr) decreases with r\ because 
1 p(/ ) 1“ decreases with r-. 

Radiation of sound. Sound is radiated bv dif- 
ferent types of sound sources in different ways. Ilie 
sound intensity produced at a point distant from a 
source is determined bv the total power radiated 
bv the source; by the tvpe of source, which, ii^turn, 
determines its cliiectional characteristics; •by the 
location of a source relative to the ground or olhei 
sound reflecting on absorbing surfaces; by the 
nature of the medium through which the sound is 
traveling; and by the existence of sound-scattering, 
‘leflecting, or -absorbing objects or bairiers be- 
tween the source and the point of observation. 

Radiation from point sources. Spherical radia- 
tion: When sound is radiated through a lossless 
tnedium from a point source in free space, that is, 
«i space in which the effects of boundaries are 
negligible, the magnitude of the sound pressure at 
d point removed from it decreases in inverse pro- 
portion to the distance from it (see Eq. 4) . 

In terms of the powei radiated by the source 
(seeEqs. 10 and 12), 



Sectorial radiation: When sound is radiated into 
a portion of a sphere, for example, from a source 
mounted in a large plane surface (so-called half- 
space), more sound power will be radiated through 
unit area at any given distance from the souice 
than would be radiated through a whole sphere, so 
that the intensity increases. 

The directivity factor Q is equal to the factorial 
im lease that would have to be made in the power 
radiated by a spherical source (with a base power 
0') to make it pioduce the ««ame intensity as a 
"oiiice of the same powei If radiating into a spheri- 
tal sector of le«*s than d60°. For example, if a 
source ladiates acoustic power W' into half-space. 
It will produce twite the intensity at a given dis- 
Idiic'e as would a spherical source radiating the 
same power 0 . Hence, foi half-space, = 2. In 
Table 1, the directivity factors for several common 
t\ pes of boundaiv near a souice are shown. 


Table 1 Relation between directivity factor (J and the 
size of space into which a spherical source radiates 


Tvp* ol sp.ice 

Dest liptiuii 

() 

F III! Hp.lC t* 

SphfMical souice in ficM* sp.ic e 

1 

Half n|)€U I* 

Spill Ileal souitc niclialiiig to one 
sub of ail iiifiiiitelv Ifir^e, flat 
plane 

2 

Oiiartor space 

Spheric .il source radiating out- 
waid Iroiii the inside of theintei 
scMtiori of two iiifiintely larac, 
flat plones 

t 

Kii;hlh spate 

SphcMical source radiating out- 
ward from theinsich of the inter 
section c>i lhic*e irifinitcdy large, 
flat planeb 

8 


liadHitwn from lomplex sounes, A souice mav 
be diiec'live of itself without the infliicnc e of bound- 
ing planes. In that case, the diiectivity factor is 
defined as 


4rrr^ poc 

where W is the acoustic power being radiated by a 
directional sourie that produces a sound pressure 
Pn at a distance r and directional angles 0 and 0. 
As before, Q is the factor by which the power of a 
nondirectional (spherical) source must be in- 
creased in order to produce the same sound pres- 
sure po at a distance r. 

Examples of the directivity pattern of three 
common sources are given in Figs. 2, 3, and 4. 

The linear line array is common in underwater 
signaling and may be constructed from a number 
of identical sources closely spaced along a line, all 
radiating in phase 

The doublet sound source is made of two simple 
(spherically radiating) sound sources operating 
exactly out of phase. By out of phase is meant that 
one source is expanding while the other is con- 
tracting. 
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Fig. 2. Directivity patterns for a linear line array 
radiating uniformly along its length d. The boxes give 
the directivity index (Dl = 10 logm Q) at (9 ~ 0°. 
One angle of zero directivity index is also indicated 

If iht* distance h between the sources of a doublet 
is small ('ornpared to the wavelength A of the 
sound being emitted, and if the distance r of the 
observer from the source satisfies the relation 
r* » A‘/36, then the sound pressure at the observ- 
er's position is 

pU » --- — cos B (15) 

4grrc 

where f/o ® the root-mean-square strength of each 
of the simple sources comprising the 
doublet (in cubic meters per second) 
#t> =* 27r/ = angular frequency 
h » distance between simple sources 


0 ® 



by the arrow for each length, (a) d = A/4 indicated 
by broken line and A/2 indicated by solid line, (h) 
d = A. (c) d = 3A/2. (d) d « 2A. 


r = distance between observer and a pf>int 
between the simple sources 
c B speed of sound 

(9 » angle formed by a line drawn be- 
tween the observer and the doublet 
and a line drawn through the center 
of the simple source comprising the 
doublet 

A rigid circular piston in a so-called infinite 
baffle is similar to a circular loudspeaker in the 
wall of a room or in the side of a large box; none 
of the sound waves being radiated to the rear can 
come around to the front again. 
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Fig 3. Directivity patterns for a doublet sound source 
(a) Sound’pressure ratio p/po vs. 6* (b) 20 log p/po 
vs. B, The boxes give the directivity index (Dl 

Thr din^itivitx indoxt'’^ lor tho prim iydr dxe*^ ot 
lliiee kinds of ladiatois as a fiinrtioii of the* ratio 
of the ( in iinif^*roiii p 2-r/ of tlip radiator lo the 
wdvplpny^th A are given in Fig. S. A cimilar piston 
in the end of a long tube is ecpiisah^nl to a « in iiliit 
loudspeaker in a small box. An unbafUed piston is 
eqiiisalent to a riniilar loiidspeakei. both sides <»f 
which are free to radiate into the same medium. 

One can obtain u variets of diieitivitv patterns 
from a <%oiirce composed of two small spherical 
lailialors (two monopoles) b\ driving ;bem with 
moTP than one frequency. See LouDspi \KI R. 

Most transduceis are reversible A familiar ex- 
ample is a megapihone, which, when used for speak- 
ing. increases the directivity of the voice. When 
used reciprocally at the ear it inireases the direc- 
tivity of the ear (.see Mkcapiioni ). Hence, all of 
the directivity patterns given in the previous para- 
graphs are also valid for receivers of the same 
construction. 

Propagation of sound. Sound mav be profia- 

gated in gases, liquids, and solids. Sound eneigv is 
lost during propagation due to viscous, heat, and 
molecular losses. In general, the speed (velocity) 
of sound in a medium is proportional to the square 
loot of the absolute temperature. The velocity of 
propagation and losses in various media are dis- 
cussed in the following paragraphs. 

Gases. The accepted value of the velocity of 
sound in 17 different gases at is given in 
Table 2. 

Two properties of a gaseous medium combine lo 
attenuate a wave that is propagated in free space. 
The first property is molecular absorption and dis- 
persion in polyatomic gases involving an exchange 
'*f translational and vibrational energy between 
colliding molecules. The second property is viscos- 
ity and heat conduction. The attenuation in the 
pressure amplitude of a plane progres.sive wave is 


0® 



10 login 0) at = 0 . One angle of zero directivity 
index is also indicated by the arrow 


Table 2. Velocity of sound in gases at 0 C* 


<;i]s 

\ ( lot ity, 
in sei 

\ elot ily, 
ll H4*C 

\ii 

331 f5 

1087 12 

Nlli 

ir> 

1361 

\rgon, \i 

319 

1040 

C'nil)un nioiioxidc, ("O 

337 1 

1106 

Carlxm diHiitfido, i'S* 

189 

000 

t'hloriiic, f'lj 

203 3 

67 i 

Klhylciic. i ,\U 

3U 

10.30 

Helium, Ho 

970 

3182 

Hydrogen, U* 

1209 3 

H0.3 

lllumiihiliiig gUb 

t90 1 

1009 

MclIiHiie, ('H 4 

1.32 

1H7 

Neon, Ne 

i3.3 

1127 

Nitiie oxide, NO 

.12.3 

1000 

Nitrogen, Nj 

337 

1090 

Nitrous oxide. N lO 

201 8 

8.39 

Oxygen, Oj 

3172 

ion 

Steum 000°('), H-»0 

104 8 

1.128 


* t'ompilcd from Handbook of (Ihenmtry and Physics^ 
37th ed , Inlet national Critical Tahirs, and J Acoust 
Soe. Am 


expressed by p(tI = poc where ot is in nepers 
per unit distance. 

The pioblem of absniption and dispersion of 
sound bv molecular collision has been treaCed 
analytically, and the attenuation due to molecular 
absorption or„, can readily be found for any ordi- 
nary set of conditions of temperature, humidity, 
and frequency. 

The attenuation caused bv heat conduction and 
viscosity of the air is not known so accurately. 
The classical absorption due to these causes 'nas 
been thoroughly described by Lord Rayleigh and 
was first derived by G. R. Kirchhoff and G. C. 
Stokes as the relation 
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Fig. 4 Directivity patterns for a rigid circular piston 
in an infinite baffle as a function of 2*^ a/\, where a 
is the radius of the piston. The boxes give the direc> 
tivity index at 0 = 0** One angle of zero directivity 


index is also indicated by the arrow, (a) lira/X — 1. 
(b) 2WA - 2 (c) 2-a/A = 3. (cl) 27 rfl/A = 4. 

(e) 27ra/A = 5. (f) 2WA = 10. 


where i«/27r « frequency in cycles per second; 
fH) = density in grams/cm^; r * speed of sound in 
centimeters per second: rj = coeffirient of viscosity 
in poises; y = ratio of specific heat at constant 
pressure to specific heat at constant volume; 
K coefficient of thermal conductivity in calories 
per second-degree-tentimeter; and Cp is the spe- 
cific heat at constant pressure in calories per gram- 
degree. To convert from nepers per meter to deci- 
bels per meter, multiply the former by 8.69. 

It appeBr*» from measurements that the value of 
a, as computed from Eq. (16) should be multi- 
plied by a factor of about 1.3. 

The total attenuation at due to both types of 
absorption is, therefore. 


a A ® -h 8.69ac db/meter (17) 

Liquids, The acoustical behavior of liquids is 
fundamentally identical to that of gases, but the 
great difference in the magnitudes of the basic 
properties (density and compressibility) gives rise 
to notable differences in the nature of practical 
sound fields in the two media. Up to 1000 mega- 
cycles, no measurable effect of frequency on veloc- 
ity has been found. The measured value of the 
attenuation due to viscosity ac varies in water in- 
versely as the square of frequency. F. E. Fox and 
C. 0. Rock have found that 

ac/P - 21.5 X 10-'" cm-' (18) 







Fig. 5. Directivity indexes for the radiation from one 1), piston in the end of a long tube (curve 2), and pis- 

side only of a piston in an infinite plane baffle (curve ton in free space without any baffle (curve 3). 


Misorptiiin in ntguriii* rKpiids shows no ohserv- 
able rHatitin to the viscosity. The inerernents in 
sound veloeitv due to dissolved sails at the low 
(oru enttations found in sea water are ohseived lo 
be profiortional to the molar eoneeiilralion for each 
salt. They are also additive for a number ol 
salts. 

The speed of sound in pure organic liquids 
covers little more than a 2:1 range; the lowest 
reported is for ethyl bromide (892 m/sec) and the 
highest is foi glycerin (1986 m/ser). The abs»»rp- 
tion constant nr, //* varies ovei a wide range, 
about 300:1. Numerically, the highest reported 
absorption constant for a simple li(}uid is about 
one-tenth that for dry air. 

Solids, The velocities of propagation of sound in 
some solids are given in Table 3. The speed fi'r a 
bar of zero diameter-to>wavelength ratio is the h»n- 
gitiidinal bar speed and the speed for an infinite 
diameter-to-wavelength ratio is the plate (bulk) 
speed. 

Atmospheric acoustics. Because of atmospheric 
conditions and the presence of obstacles, the sound 
pressure levels measured outdoors are generally 
lower, sometimes greatly so, than those predicted 
from spherical spreading alone. 

Attenuation ejects. The important factors that 
affect sound propagation along the ground are ( 1 ) 
sound absorption in the air; (2) presence of fog, 
rain, or snow; (3) presence of walls and trees; and 
(4) effect of wind and temperature gradients, at- 
oiospheric turbulence, and the acoustic effect of the 
presence of the ground. 

The excess attenuation due to these effects can 
be added to Eq. (4) as 


;>M) = ]- (19) 

r I* 

wheie A{^ = constant depending on the strength 
of the source (dimensions of pres- 
sure limes distance) 
r = distance fmm the source 
0 — directivity factor in the direction 9 
(diinen»^ionless quantity) 

A, » excess attenuation due to the effects 
1 to 4 (dimensionless quantity) 

Attenuation in db due to ab.sorption in still, ho- 
mogeneous air is found to be a^r where r is in me- 
ters. 

No satisfactory data on attenuation due to fog, 
rain, or falling snow are available. It can only be 
said that the total is less than 5 db/lOOO ft and is 
usually assumed to be negligible compared to the 
other attenuations; see Eq. (17). 

Walls, buildings, and other large rigid barriers, 
if interposed between source and rec eiver, result in 
appreciable excess attenuation due primtfrily to 
the acoustic shielding effect of such structures. 
Since sound waves are diffracted around the obsta- 
cle, one would expect the excess attenuation to in- 
crease with frequency. This has, indeed, been con- 
firmed both experimentally and theoretically. 

Over open level ground, appreciable vertical 
temperatuie and wind gradients almost always ex- 
ist, the former because of the heat exchange be- 
tween the ground and the atmosphere, the latter be- 
cause of the friction between the moving air and 
the ground. Because of these gradients, the speed 
of sound varies with height above the ground, and 
sound waves are refracted (bent upward or down- 
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Table 3. Valocf|y of sound in solids 


Longitudinal bar 

Material velocity, cm /hpc X 10® 

Plate (bulk) 
velocity, cm /sec X 10® 

Miiminuni 

.^24 

6 4 

Hi OHS 

3 42 

4 2.3 

C^opfier 

3 .'iS 

46 

Ciold 

2 03 

3 24 

Iron 

:> 17 

.3 85 

Lead 

1 23 

24 

Nickel 

4 76 

5 6 

Silver 

2 64 

3 60 

SiceJ 

.'i o.*> 

6 1 

Tin 

2 73 

3 32 

Tuiigaten 

4 31 

5 46 

Zinc 

3 81 

4 17 

C'ork 

0.30 


CryslaK 



(jiiarl/, X cul 

3 14 

5 72 

Am>(Nnai.P(L) 


45“ Z rii» 

3 28 

4 92 

Hof'hellc salt 



t.’i® III 

2 47 


fOaos 



Heavy flint 

3 19 

3 76 

(tow II 

3 30 

3 66 

Quartz 

3 37 

5 57 

t If finite 

3 03 


Ivoiy 

5 01 


Marble 

3 81 


Sliite 

1.31 


WikmI 



Klin 

1 01 


Oak 

i 1 



i^ard). Under such (ondithms, it is possible to have 
a shadow zone into whi< h n<» dire< t sound can jien- 
elrate. These shadow zones aie nevei sharp in the 
sense of light prop<igation l)ecaii''e sound energy is 
diffracted into the shadow zone as well as scattered 
into it hv tin hulence. 

V shadow zone is most commonly eniountered 
upwind from a '^oune. where the wind gradient 
bends the sound ravs upward. Wind gradients near 
the grmind are. *iii the average, alwavs positive: 
that is, the windspeed increases with height. Down- 
uind. the wind gradient bends the sound ia>s down- 
ward and no shadow /one produced. Crosswind, 
there is a /one of ttansition. Thi« asymmetric be- 
ha\i(»r is characteristic of wind-induced sound re- 
fraction. Tempei at ure- induced sound refraction 
tends to be symmetrical about the source. A shadow 
may encircle a source completely in the presence 
of a stiong negative temperature gradient and a 
low windspeed, suc*h as mav be expected on a calm 
sunny dav. On the other hand, there will be no 
shadow at all within a mile or two of the source 
in the presence of a strong positive temperature 
gradient (large temperature inyersion) and a low 
windspeed, such as may he expected on a clear 
calm night. See RLfRAiTioN or wavks. 

The measurement or estimate of the microme- 
teorological parameters which must be used in any 
computation is probably beyond the capabilities of 
the average |>erson interested in noise control. On 
the other hand, useful estimates of at least the max- 
imum of the excess attenuation to be expected 
from temperature and wind gradients over open 


level terrain can be had from considering experi- 
mental data. 

Consider Fig. 6. Source and receiver are shown a 
distance r apart. The average direction from 
which the wind is blowing is indicated by a wind 
vane. The angle between the direction of the wind 
yane and the line connecting the source and re- 
ceiver is designated 0. There will generally be a 
shadow /one (the shaded region) produced on the 
upwind side of the source because sound waves 
traveling upwind tend to he bent upward by the 
wind. Often the air near the ground is warmer 
than that farther up, so that there is u tendency lor 
the sound waves tf> be diffracted upward on all 
sides of the sound source, in addition. However, any 
Hind present tends to bend the sound waves down- 
ward in the downwind direction. At some critical 
angle 0, the wind and temperature gradients i an- 
cel each otliei and ihi* shadow /one vanishes. As a 
result the plane is divided into an upwind secloi 
and a downwind sector 360‘ ~ 20 . 

Kxpeiimcnls ha\e shown that the excess atteniia- 
tiem is frcipiently ladicallv diffeicnt upwind and 
downwind, with a gradual transition at the hound 
aiies (0 ifc 0, ). On a sunny day, with moderate 
winds. I he excess attenuation upwind, inside the 
shadow /one, is typically 20 30 dh higher ih^ that 
foi the same distam e downwind. 

Extensive measiitemenfs in the frequency lange 
of about 300 S(HK) i ps hayi* been made ovei open 
ley el ter rail/ with sparse low ground coyer (1 ft 
high), a soiitfe height of 12 ft, and a reieivci 
ht*ight of .S ft, using octave hands of random noise 
as the transmitted signal. Windspeeds enioimliTed 
ranged from 2 3 mph to 10 15 inph. From those 
mcdsiiiemenls. thcie aie ayailable empiri<*al de 
sign ciiryes with the aid of which the excess at- 


upwmd sector 



Fig. 6. Geometry of sound propagation over open 
level terrain (plan view). Average daytime conditions 
ore shown, x » distance from source to shadow zone; 
0 « angle between wind and sound; 0(. » criticol 
ongle. 
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Fig. 7 Estimated excess attenuation coefficient a, 
for air-to-ground propagation. The range of available 
experimental data is also shown. 

teniidtJon can bf estimated for an> angle f«t 
disUnees r up lc» dboiit 1 mile and the teiiain <c>n- 
ditioiis noted, pnnided the tempeialuie and wind 
gradients are known fiom measurements made at 
approximately half the average sourre and receiver 
heights. Since the experimentb did not include tests 
at the very low and >er\ high audio freifiienries 
the design curves are subject to c’onfirmation 
there. • ^ 

Propagaiion from air to ground. This case is of 
considerable practical importance in estimating 
the sound-pressure level near the ground due to 
overhead aircraft. The excess attenuation of sound 
has been measured by several investigators using 
propeller aircraft, helicopters, and jet aircraft 
flying at moderate altitudes (M* mile or less) under 
various atmospheric conditions. It was assumed in 
every case that the excess attenuation measured 
for various distances to the airplane (slant range) 
can be represented in terms of an attenuation co- 
efficient Op which is independent of the slant range. 
Figure 7 shows, as a function of frequency, the at- 
tenuation coefficients obtained from the various 
'Studies. See Aircraft noise. 


'I'he \alue'- of attenuation due to moleiular ab- 
soiption plotted in Fig. 7 account reasonably well 
for the lesults of the measurements of air-to-ground 
attenuation, assuming that piecipitation was ei- 
ther absent or had no effect on the lesiilts. 

As the aii( lafr passes o\erbead in level flight, the 
Moiind-pressiiTe level at u fixed point on the ground 
will tise. go tliToiigh a maximum, and fall again. 
The position of the aircraft for maximum sound- 
pressure level depends on its acoustic directivity 
pattern. As a first approximation, a 45® position 
can be assumed for jet aii cruft. Consequently, this 
slant distance is the effective length of the trans- 
mission path and must be used to compute not only 
the excess attenuation but also the spherical di- 
vergence. Fi»r propeller aircraft the minimum dis- 
tance to the flight path is relevant. [l.l.d.] 

Bibliography: American Standards Association, 
Acoustical Terminology^ 7241, 1959; L. L. Bera- 
nek. Acoustics^ 1954; L. L. Beranek. Noise Reduc- 
tion, 1960; S. Fliiegge fed. ) , Handbuch der Physik, 
vol, 48, 1957; D. E. Cray (ed.), American Institute 
of Physics Handbook, 1957 ; L. E. Kinsler and A. R. 
Frey, Fundamentals of Acoustics, 1950; R. B. Lind- 
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say. Mechanical Radiation^ 1%0; P. M. Morse, VU 
bration and Sounds 2d ed.. 1948; Lord Rayleigh, 
Theory of Sounds reprint, 2 vols., 1945; R. W. B. 
Stephens and A. E. Bate, Wave Motion and Sound, 
1950. 

Sound intensity 

A leim which describes the rate of flow of sound 
energy. The sound intensity measured in a speci- 
fied direction at a given point is the average rale 
at which sound energ> is transmitted through a 
unit area perpendicular to the specified direction 
at the point considered. The unit of measure is the 
watt per square meter 

In a plane or spherical free progressive sound 
wave, the intensity / in the direction of propaga 
tion is related to the root mean square, or effective 
sound pressure p by the ectuation / “ P“//>oc, 
where po i'* the density of the fluid in which the 
wave is propagated and c is the speed of sound 

The amount of sound power radiated by an 
acoustical source is obtained by integrating the 
sound intensity o\er a surfaie whh h encloses the 
source. .See SorND; SorND pRrssiiRF. fwjo] 

Sound pressure 

The incremental variation in the static pressure of 
a medium when a. sound wave is propagated 
through it. This incremental variation is also known 
as the excess pressure. 

The unit of pressure common J\ used in acoustics 
is the microbar. 

1 microbar * 0.1 newton/m^ = 1 dyne/cm^ 

which is approximately 10 ^ times the normal at- 
mospheric pressure. 

Instantaneous sound pressure at a point is the 
incremental change from the static pressure of the 
medium at a given instant caused by the presence 
of a sound wave. 

Peak sound pressure for any specified time in- 
terval is the maximum absolute value of the in- 
stantaneous sound pressure in that interval. 

Effective sound pressure at a point is the root- 
mean-sqiiare (rms) value of the instantaneous 
sound pressure over a time interval at that point. 
The time interval should be an integral number of 
periods if the sound pressure is periodic. In the 
case of nonperiodic sound pressures, the interval 
should be long enough to make the value obtained 
essentially independent of small changes in the 
length of the interval. The effective sound pressure 
level is a highly useful quantity since the power 
transmitted by a sound wave is generally related to 
the mean scfuare pressure in the wave. See Sound 
INTENSIIY. 

Sound pressure level is the term applied to the 
specification of the effec'tive sound pressure in dec- 
ibels. It is defined as 20 times the logarithm to the 
base 10 of the ratio of the effective sound pressure 
of a sound to a reference effective sound pressure 

SPL - 20 log 

PtbS 


In measurementb dealing with hearing, and for 
sound-level and noise measurements in air and liq- 
uids, the reference level of 0.0002 microbar is gen- 
erally employed. A reference level of I microbar 
has achieved wide usage in the calibration of mi- 
crophones and loudspeakers and in underwater 
acoustics. It is essential to state the reference level 
employed whenever a sound pressure level is re- 
ported. 

Piessure spectrum level is the specification in 
decibels, as a function of frequently, of the sound 
pressure level for a frequency bandwidth of 1 cps. 
See Sound. [ w.j.tr.] 

Sound recording 

The process of recording sound signals so they 
may be reproduced at anv subsequent time. The 
most common sound-reproducing systems aie the 
disk phonograph, the sound motion pii ture. and 
the magnetic tape reproducer. 

The disk phonograph, commercialized at the 
turn of the centui v, was the first s(»iind-reprodu( ing 
system employing a lecoid. This device made il 
possible for all the petiple of the world to hear 
Statesmen, orators, actors, orchestras, and bands 
previously heard only at fiist hand. The disk phono 
graph, used in every loiinlrv, owes its iiopiilgritv to 
the fact that the individual can seleit anv type of 
information or enteitainmenl and lepiodtue it 
whenever he wishes. 

The addilfon of sound to motion pii tiires in fh< 
late 1920s made this type of entertainnuml corn 
plete. It was the first time that picture and sound 
were synchronized and reproduced simultaneously 
The term optical recording is used to describe the 
recording of sound on photogiaphic film. 

The magnetic tape reproducer was commeicialb 
distributed shortly after World Wai IT. One of it^ 
novel features is that a recorded piogram on the 
tape can be erased and a new progiain reiorded 
Prerecorded tapes containing programs siniilai to 
those on phonograph records have been rommer 
cialiZied on a wide scale. .S>e Disk RKORD'Nf., 
Magnetic recording; Opikal rfcording. f ii i o ] 

Sound reproduction systems, electrical 

Systems for the transformation of sound waves into 
an electrical signal and the reconversion of that 
electrical signal back into sound waves. Figure 1 
shows the boundaries, in both intensity and fie 
quency, for most speech and music sound sources 
At the bottom of the figure is a curve sbowmg the 
softest sound of any frequency that the normal ear 
can hear, while at the top is a curve giving the level 
at which the sensation of feeling begins (see Hfar- 
ing). Music requires a dynamic range of 70 deci- 
bels (db) from the softest sounds to the loudest 
sounds and a frequency range of approximateh 
40-15,000 cycles per second (cps). Conversational 
speech requires a dynamic range of 40 db and a 
frequency range of 100-8000 cps. In contrast to 
the ear*s range of 120 db (a power ratio of 1,000. 
000,000,000:1), 60 dh (a power ratio of LOGO.- 



000:1) is considered quite good even for a fine 
sound-reproducing system. 

Figure 2 shows the frequency range required 
for the accurate reproduction of the various in- 
struments of the symphony orchestra, speech, and 
a few noises, while Fig. 3 shows the frequency 
ranges usually found in different types of sound- 
reproducing system. 

Articulation. The effectiveness of systems in- 
tended primarily for communication is indicated 
by the percentage of single-syllable nonsense 
words that can be correctly understood over the 
system. Figure 4 shows that the high-frequency 
response can be limited to 6000 cps and the low- 
freqiicncv response limited to about 300 cps with- 
out affecting the syllable articulation score appre- 
ciably. Limiting the high-frequency response to 
3000 cps as in a standard telephone cin*uit, re- 
sults in an diticiilation score of about 90^ , which, 
since normal speech contains considerable redun- 
dancy, corresponds to a sentence articulation of 
virtuallv lOO^J . 

Distortion. Nonlinearity in a reproducing sys- 
tem results in the intiodiiction of unwanted tones. 
If harmonically related to the freipiency of a single 
original tone, the> are called harmonic distoition. 
H more than one original tone is being reproduced, 
sum and diffeience frequencies can result. This is 
(ailed intermodulation. Figure 3 shows the per 
centage of harmonic distortion in reproduced 
speech or music that is just perceptible, tolerable, 
oi obfcctionable. 

Component matching. Distortion produced by 
driving an amplifier beyond its normal opeiating 
level (into the overload region) is likelv to he 
much more annoving than the distortion that oc- 
( Ills in the normal operating range. Overload svmp- 
loms can also occur if the various elements of the 
system are not properly matched to work together. 

I oad circuits in sound equipment are chosen to 
present an impedance to the source that will result 
in the desired frequency response, optimum signal- 
to-noise ratio, or in the maximum power being de- 
livered to the load with a minimum of harmonic 
distortion. It is also necessary to keep the power 
or voltage handling capabilities of the components 
('onsistent at the junction points; otherwise a sys- 
tem, even though composed of excellent compo- 
nents, will show overload symptoms much of the 
time. 

Transient distortion. It is desirable to avoid 
sharp lesonances in the reproducing system since 
these resonances, once excited by the program ma- 
terial, can produce an output sound after the ex- 
citing sound has completely disappeared. This ef- 
fect is known as transient distortion, and the verbal 
description of the sound of the phenomenon de- 
pends upon the frequency range in which it occurs. 
A resonant peak around 100 cps. such as that pro- 
duced by an under-damped loudspeaker, tends to 
make the reproduced program material sound 
‘‘boomy,** while several sharp peaks in the region 
around SOOO-8000 cps give the reproduction a 
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Fig. 1. Frequency and dynamic range of speech and 
music, the minimum audible sound contour and the 
contour corresponding to the threshold of feeling. 
'From Beil Labs. Record, June, 374-375, 7934, and 
Robinson and Dodson, A redetermination of the equal- 
loudness relation for pure tones, Brit, J, AppI, Rhys,, 
Yol. 7, May, 7956) 

“crackly” sound resembling that produced by 
crumpling a piece of cellophane. 

The transient conditions that occur in some am- 
plifiers during a momentary overload are also some- 
times called transient distortion. The audible symp- 
toms ma\ include a complete blocking of the signal 
(giving a moment of .silence), or the introduction 
of extraneous interrupted oscillations in the high- 
frequency region that sound much like mechanical 
parts rattling. 

Input sources. A wide variety of input material 
makes up the source of sound signals for a sound- 
reproducing system, and the technical quality of 
the various inputs varies over extreme ranges. 
Studio equipment used for live pickup of the hu- 
man voice, symphony orchestra, or chorus, whether 
for motion pictures, radio or television broadcast, 
recording, or sound reinforcement in an audito- 
rium, is potentially good enough so that it should 
produce no limitations on the quality of the re- 
produced sound. Likewise the radio and television 
broadcast transmitters and the professional disk, 
film, or magnetic tape recording equipment, when 
operated properly, introduce virtually na quality 
limitation. The long telephone lines used to con- 
nect the network broadcast stations do introduce 
limitations in frequency range, as do AM radio re- 
ceivers. Improperly controlled film-printing and 
tape-dubbing equipment, as well as poor-quality 
or poorly maintained and adjusted film, tape, and 
disk playback equipment, can result in serious 
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Fig 2 Audible frequency ranges of music, speech 
and noise {From W 6 Snow, J Acousf Soc Am , 
3 155^166 1931) 


noise distortion ind irritating pitch changes in 
the reproduced sound There is no inherent fre- 
quency limitation in 1 M leicncrs hut distortion is 
introduced whc*n thcic is interfeiencc among van 
uus portions of the udio signal that have arrived 
at the receiver over different path lengths 
Home high-fidelity systems. With the advent of 
the long playing high fidelit> mic rogroove rec^ord 
in 1948, tiu qualit) of lecoided music became gcnid 
enough to pistify home sound reproduc ing ccfuip 
ment covering a frt<(iKn(> lange as wide as that 
of the best human eais and having distoition rat 
mgs below audibility Varying individual taste 
room acoustics, and recording techniques lequire 
the me hision of elaborate tone compensating c ir 
c uits in the high fidelity amplifiers Some of these 
tone compensating circuits also called tquali/a 


turn ciic lilts arc intended to piovide the user with 
means for continuously adjusting the lelative level 
of the high and low trequenev lesponse Still oilier 
tone shaping circuits provide automatic compensa 
tioii foi the lack of scii'-itivilv of the ear to the cx 
trcmelv lc»w and high liequencies when the sound 
IS rcpioduced at an intensitv k\el lower than that 
of the oiiginal sound This latter fvpt of cnpiali/u 
tion IS iisualU termed lowle\<l c cpiali/ation ot 
loudiic ss c cpiali/atjon 1 igiire 6 shows a bloc k dia 
gram of tvpical elements in a home high fidelity 
sound s\ stem See \lvriiiiiFK I oiusci ^Ki K 
DIO RI'CMVIK Sol Nil kkohdinc. Tiifvision hi 

C I l\Mt 

Presence. A high qualitS system, in contrast to 
the pc liotm me c of a limited frt queue \ langt s>s 
tem gives ibc feeling of the actual piescncc of the 
pcifonnei Fills feeling is enhanced b> the intro 
due tion of a slight exiggciation ot the icspunsc in 
llic vHiiijlv ot SOOO cps Ff|iiipincnt espniallv 
home high ridtlit> e(|uipmc nt that ha*' this subtlc- 
c xdggc 1 itioii IS s ud to h i\c piesc lu c Sme t ihc an 
ittenii lie s the high frc(|ucn<i(s moic thin it docs 
the low 1 sound oiiginatin,^ from i clisidiicc iisu 
ally c out nils piopoition ilc l> less ciieigv in ihc 
high tre qiic nc \ ic^^ion than a sound originating 
near by (onvcistly it iollows that the c \ i^gc 1 1 


^ tauvid powarad tafophona 
tflaidiana 

tobla momi reilo er tettUtiort racaivar 
aonfola modal rodio or taJovi»len racaivar 
iiigb-quoM^^ roclioav tabviclae'^i^ 
raw er Mlav4ien 'titmamlfiiw 
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Fig 3 Frequency ranges of sound-reproducing 
terns {From H F Olson, Acoustical Engineering, 3d 
ed , Van Nostrand, 1957), 










Fig 4 Syllable articulation versus cut off frequency 
of high pass and low pass filters (From N R French 
and J C Sfeinberg, J Acoust Soc Am 19 102 
1947) 
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Fig 5 Results of sub|ective tests of reproduced speech 
and music, depicting obfectionable tolerable and per 
ceptible nonlinear distortion for various high frequency 
cut offs (From H F Olson, Acoustical Engineering 
3d ed Van Nostrand 1957) 


tion of the high fiequein les tends to* make the 
sound soun e seem to < ome forward mio the at In il 
pi f seme ol the listener The ‘prestmt peak’ is 
iisiidIU intiodmed cither in thr loiidspeakf r ot in 
iIk oiigjnal ]((oiding rathei than In tin iltrti 
tion ot the amplifiei response 

The amount of powci required foi a sound re 
piodiKiiig system IS lather uiueitain since a siz 
dbh change in power makes httle diffeieiicc in 
loudness It takes a powei me tease of appioxi 
tnateU 10 tunes to make a sound set*m twice as 
loud Most home high fidedity systems ha\e 10 60 

itis of electrical output power available 

Stereophonic and binaural sound. The repro 
duction of sound by a single-speaker system is 
hkelv to produce the impression that the sound is 
*oming from a hole in the wall, with little feeling 
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of the spatial extent or distribution of the original 
sound source However if two completely separate 
sound reproduf ing systems are used, in which the 
two microphones are spaced by the distance he 
tween the ears on a person’s head the signal from 
the light hand microphone can be leproduced by 
an eai phone on the listener’s right ear and the sig 
nal from the left hand microphone reproduced at 
the left eai lender these conditions the illusion of 
spatial orientation is completely convincing 

This t> pe of two c hannel system using earphone^* 
IS usually called binaural A good approximation 
of spatial distribution can be achieved by using a 
multiple c hannel loudspeaker system in whic h the 
individual miciophones are connected thiough in 
dependent amplifiers to the corresponding loud 
speakers A sound reproducing system of this latte r 
type is calkd stereophonic If it were economical 
all of the directional and distance effects could be 
retained in the reproduced sound by using a screen 
of closely spaced microphones in froqt of the stage 
wlieic an orchestia is playing Then if the output 
of each miciophonc were amplified individually 
ind tcpioduicci by a loudspeaker located in a cor 
icspondiiig position in front of a second stage in 
another auditonum a sound wave would leave the 
second stage and tiavel out over the audience in 
exactiv the '^ame way that the original wave did A 
satisfactoiy and practical approximation of the 
sound originating fiom an orchestra on a stage can 
be ic hic vtd il only three channels are used instead 
of rii inv One center channel plus one on either 
vide of the stage reproduc es the effect of a live oi 
chfvlii convincingly A two channel system, how 
eve I IS much more ccunmon in home sysums than 
i three channel system The lesiilts obtained from 
a two channel system are not as convincing as the 
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Fig 6 Block diagram of typical elements in o home 
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results from a three-channel system, since there is 
likely to be difficultv from the lack of a real sound 
source in the center of the speaker arrangement. 
Berause of this difficulty^ the two speakers must be 
spaced at a narrower angular distance from the 
listener’s position than the outside speakers in a 
three-channel stereo system. Nevertheless, with 
onl\ two channels, the improvement in spatial ef- 
fect is quite marked in comparison to the results 
obtained with a single-channel system. These 
sound-reproduction systems represent the ultimate 
application of all that has been learned in the in- 
vestigation of the characteristics of human hearing, 
and the most realistic form of sound reproduction 
so far devised. See Sound, see also Pumic ADURrss 
SYSTFM. |f.HSL.J 

Bibliography: L. L. Beranek, Acoustics^ 1954; 
H. F Olson, Acoustical Engineerings 3d cd.. 1957. 

Sound track 

A narrow band on a motion-picture film used for 
the ‘-ound record. In some cases, a numbei of such 
bands may be used, a.s in stereophonic sound re- 
c(»rding. The two types of sound tracks in general 
use are variable area tracks and variable density 
trat ks. For an extended discussion, see Optu ai 
RK( ORDIN(.. [ K.W.P.J 

Soundproofing 

A term sometimes used to indicate the application 
of air-borne and solid-borne sound insulation con- 
structions, as well as sound-absorptive construc- 
tions, in (»rder to achieve a low noise level in an 
enclosure. Fui details, .see Noisj c ontrol in ruii d- 

INCrS (CM.H.) 

Source flow 

A source, in three-dimensional flow, is a point from 
whi< h fluid issues at a unifiirm rate in all direc- 
tions (Fig. 1). 

Characteristics of a source. The stiength of a 
»oijn e is defined as the volume per unit time issu- 
ing from the point. Because the flow is outward 
and is uniform in all directions, velocity Vr at dis- 
tani'e r from the soiiicc is the strength m divided 
by the aiea of sphere through the point with center 
at the source, or i;, = m/4Trr-. By defining velocity 
potential ^ as a scalar function of space and time, 
whose negative derivative with respect to any direc- 
tion is the velocity component in that direction 

m 

|» a — sm 

dr 4irr* 

As the velocity vector is entirely in the r direction 
^ =* m/\irr\\y integration. 

Streamlines are radial lines through the point of 
the source, and equipotential surfaces are given by 
letting 0 - constant in the equation. A sink is a 
negative source, or a point into which fluid flows 
uniformly in all directions. 

A source, in two-dimensional flow, is a line nor- 
mal to the planes of flow, from which fluid is im- 
agined to flow uniformly in all directions at right 



Fig. 1. Streamlines and equipotential tines for a 
three-dimensional source. 



Fig. 2. Streamlines and equipotential lines for a two- 
dimensional source. 


angles to the line (Fig. 2). The source appeals ds 
a point on the customary two-dimensional flow dia- 
gram. The total flow per unit time per unit length 
is the strength of the source. By calling the 
strength 27r/A, the velocity at distance r from the 
source is 27rji*/27rr « /x/r. Then 

0 

dr r d6 

in which 0 is the angle in polar coordinates asso- 
ciated with r. By integrating, 0 * — /x In r in which 
In is the natural logarithm. A negative source is a 
sink, into which fluid is imagined to flow uniformly 
from all directions at right angles to its line. 

Application to flow about a body. Sources and 
sinks are used as flow elements in conjunction 
with doublets, vortices, and uniform flow to develop 
complex flow situations. The combination of a 
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Fig. 3. Three-dimensional flow net about a Rankine 
body. 


(D 



Fig. 4. Auxiliary coordinate systems used for Rankine 
body. 

soiirre, an equal sink, and a uniform flow, properly 
placed, results in fl<'w about a clo ed body in 
three-dimensional flow and about a cylinder in two- 
dimensional flow. 

In the three-dimensional case of a Rankine body, 
a source of strength rn is located at (a,0), a sink 
of strength m at (— a,0), and a uniform flow [J in 
the —X direction (Fig. 3) . In equation form 

!?-(---) 

4ir \ri r 2 / 

using auxiliary coordinates (Fig. 4). This flow ca^-e 
has axial symmetry; that is, all streamlines are in 
planes that pass through the x axis, aifd all such 
planes have identical streamlines. The length of 
the Rankine body is the distance between stagna- 
tion points D and C. With (a:o,0) the coordinate of 
the upstream stagnation point C the half length 
Xt) is 

xola vUa^ 

[(*o/a)*-l]* lit 

which is most conveniently solved by trial. The 
value of (xo/a) depends on the value of Va^/m, 
The half-breadth K which occurs at the midsection 
of the body, is 



which also is solved most conveniently by trial. 


By expressing dynamic pressure p as zero at a 
great distance from the body, where the velocity is 
f/, from Bernf)ulli*s equation 

in which p is the mass density of fluid and q is 
the veloidty at any point where the pressure 

is p. Speed q is determined from the components 
q,, and r/,.. by 

q=‘'^qx I- qJ 

• u- u 

in which 9* = — == -- ~~-- 

ax au> 

Frequently it is easier to compute the velocity 
due to each of the flow elements at a point, and 
then to add them vectorial I > to find the speed q at 
a point. 

Other solutions to two- and three-dimensional 
flow are made up in an analogous manner. | v.i .s.] 
Bibliography i V. L. Streeter, Fluid Dynamics^ 
1948. 

Sourwood 

A deciduous tree, Oxydcndnim arhoreum, of the 
heath family, indigenous to the southeastern sec- 
tion of the United States, and found fr(un Penn- 
sylvania to Florida and west to Indiana and Loui- 
siana. Sourw jod is hardy and often cultivated in the 
north. It is usually a small or mediuni-si/.ed tree. 



Sourwood, Gxydendrum arboreum, (From A. H. Graves, 
liiustrafed Guide to Trees and Shrubs, rev. ed.. Harper, 
1956) 


but it sometimes attains a height of 75 ft and a 
diameter of nearly 2 ft. The leaves are simple,>finely 
toothed, long-pointed, 4~8 in. long, and have an acid 
taste which explains the popular name. See Leaf 
(botany). They turn scarlet in the fall. The flow- 
ers are white and urn-shaped, and grow in long 
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clu^iters The dry fruit remains on the tree through 
the fall and winter The wood is not u«*ed commer 
f lallv Sourwood is also known as sorrel tree, and 
It IS widely planted as an ornamental See Forfst 
AND FORI'SIRY, TrFF [ A H G ] 

South America 

The southernmost of the New World or Western 
Ilemispheie continents three fourths of which lies 
within the tropics South America is approximately 
4S00 miles long and at its greatest expanse 3000 
miles wide Its total area i^ estimated to he about 
7 000 000 square miles more than two thirds of 
which consists of plains The land portions stand 
upon a continental platform somewhat larger than 
the land above sea level so that varying widths of 
shallow sea extend over the continental shelf to the 
steep scarp of the submarine continental slopes 
(sec COMININI) 

At least three fourths of the South Americ an 
coastline is composed of highland masses conse 
qiiently the areas of maximum elevation on the 
continent gcneially lie not far from the ocean Ihi^ 
topography has an important influence on the con 
linental climate and causes drainage of streams to 
be toward the interior more often than is true of 
anv other continent Moreover there is a paucity of 
large independemt livers for the\ have little chance 
of developing when the coasts throughout the well 
watered parts are guarded by mountains and pla 
teaus that overlook the seas fore ing the bulk of the 
drainage to find its ultimate outlcM at a small niiin 
her of well marked gaps Thus the Andes the 
Brazilian and Guiana Highlands and to some cx 
tent the Pal igonian Plateau have determined the 
present fotm and configuration of the entire South 
Aineric an land mass 


Regional characteristics. On the western margin 
of the continent are the Andes, the highest and 
longest north south mountain system on earth 
Altitudes often exceed 20 000 ft and perpetual snow 
caps many of the peaks even within the tropics 
(Fig 1) So high are the Andes in the northern 
half of the continent that few passes he below 
12,000 ft elevation Both active and quiescent vol 
canoes are to be found 

Over most of their length the Andes are not a 
single range but two or three ranges (Fig 2) 
Between the two ranges in the center and north he 
a vast senes of interniontane basins and plateaus 
Ecuador contains a stung of 10 such basins and 
Bolivia has the Altiplano This plateaulikt basin 
almost entirely suiioiinded bv rugged and lofty 
peaks, IS about 400 miles long and up to 200 miles 
wide It IS cold high about 12 000 ft and mostl> 
lc\el It differs from most interior basins of the 
woild in that it possesses a large fresh water body 
lake Titicaca 

On the northeastern and eastern continental pc 
riphery lie the (»uiana and the Brazilian Highlands 

vast areas of hilly uplands and low mountains 
separated from each caher by the great valbv of 
the Amazon (Fig 3) Together these two plattaus 
foiin the core of South America Rocks of iy[icifnt 
Igneous and metamorphic origin found there an 
but paitiallv buried by voungci scdimcntarv beds 

Plains Plains under 1000 It in ele\ation com 
prise more than of South Ameiii a’s total area 
Some f of the continent is less than b'SO It ibovc 
sei level The plains Ih between the loftv Andean 
backbone on the west and the (aiiana and the 
Bi izilian Highlands on the east and between the 
Rio Orinoco on the north and the Rio Colorado on 
the south that is, from about 8®N to 40°S In 



FiO. 1 View of tho Andes Mountains in Chile The the Himalayas exceed them in elevation and man 

AndeS/ which parollel the Pacific Coost, constitute (Unifed Press InfernafionaD 

one of the eorth’s most maiestic land features Only 












Fig 3. A reprasentativo view of the hilly uplands and in southern Venezuela. (Venezuelan Information Ser- 

low mountain country of the Guiana Highlands. One vice) 

of five waterfalls on the Canaima River, Gran Sabana 


('luded are the I Janos, the Amazon Plain (see 
Fig. 6), ihe Cha<o. and the Pampa. Some are flat; 
others, undulating. Some, ^iich as the Llanos and 
Chaeo, are alternatelv flooded and baked (Fig. 4) ; 
only lO^f of the enormous Amazon Basin and al- 
most none of the Pampa are exposed to flood. The 
northern plains ronsibt of recent murine sediments 
mantled with alluvium can led down from the 
Andes and deposited by rivers. The southern plain. 


I -v> 



Fig. 4. Portion of the Orinoco Llanos (plain) in the 
stote of Apure during rainy season. Thousands of 
square miles become inundated. (Consejo de Bienestar 
Rural) 


the Pampa, is composed of unconsolidated beds of 
fine sand, ilav, silt, and windblown loess. 

Coastal zone chatacter. Northward from Cape 
Horn to a little south of 41 °S latitude, the westein 
coastal zone consists of a broad chain of islands 
where a mountainous stiip subsided and tbe ocean 
invaded its valleys. This is one of the world’s finest 
examples of a fiorded coast. Nowhere along the 
Pacific ('oast is there a true coastal plain. South o) 
Arica the aspect is particularly forbidding, the 
bold, precipitous coast being broken by only a few 
deep gashes of streams, the majority of which 
carry no water for years at a time. Between Arica 
and Caldera, there are no natural harbors and ab 
most no protected anchorages. The land has 
emerged in comparatively recent geologic time and 
on the narrow, discontinuous wave-cut terraces are 
perched the several towns that serve as ports for 
the mining industry. Western Ecuador consists of a 
broken, hilly belt and a low plain, the latter 50-100 
miles wide and composed of alluvium washed down 
from the mountains. Along Colombia’s Pacific 
coast, any semblance of a plain is snuffed out bv 
the westernmost of the four north-south mountain 
ranges, the Serrania de Baudo which, although the 
lowest of the country’s ranges, has steep slopes and 
sharply crested ridges. 
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The Caribbean coast of Colombia is a lowland 
formed largely of alluvium deposited by the Mag- 
dalena and Cauca Rivers and backed by mountains 
on three sides. In Venezuela the Central Highlands 
rise abruptly from the Caribbean, but there is low- 
land around Lake Maracaibo, west of Puerto 
Cabello, and from the mouth of the Rio Tuy to the 
port of Guanta. The littoral of the Cuianas is a 
low, swampy alluvial plain 10-30 miles wide, al- 
though as much as 60 miles wide along the larger 
rivers. This coastal plain is being built up by sedi- 
ments carried bv the mightv Amazon to the Atlantic 
and then deflected westward hv the equatorial cur- 
rent and cast upon the shore by the trade winds. 

There is no broad coastal plain south of the 
Amazon and east of the Brazilian Highland to 
afford the easy access to the inteiior characteristic 
of Noith \merica’s coast. The rise from the coastal 
strip to the interior is quite gradual in northeastern 
Brazil; but southward, between Bahia and Rio 
(;iande do Sul. the steep Serra do Mar is a formi- 
dable obstacle to transpoitalion. Along coastal 
Pnigiiay there is a transition between the hillv up- 
lands and plateaus of Brazil and the flat Pam pa of 
Argentina, whereas coastal Argentina as far south 
as the Rio Colorado, in Patagonia, is an almost 
featureless plain In Patagonia steep cliffs rise 
fiom the water’s edge. Behind these cliffs lic‘s a 
succession of div, flat-topped plateaus, suimounted 
occasionally by hilly land composed of resistant 
cnstalline rocks Separating southern Patagonia 
from Tierra del Fuego is the Strait of Magellan, 
vihich is 330 miles long and 2 20 miles wide 
Threading through numberless island-, the Strait 
IS lined on each side with fiends and bleak moun- 
tains 

Mountains. Because of the vast extent of the 
Andes, a greater proportion of South America than 
of any other continent lies above 10,000 ft. The 
young, lugged, folded Andean peaks stand in sharp 
contrast to the old, worn-down mountains of the 
eastern highlands (Fig. 1). Although the Andes 



5. Uplifted beaches on desert coast, east side of 
Son Juan Bay, Departmento de lea, Peru. Sea cliff in 
left foreground is about 100 ft high. Each horizontal 
line represents a former beoch. (Photograph by P- Atch- 
/ey) 


appear to be continuous, most geologists believe 
that they consist of several structural units joined 
more or less closely. They are a single range in the 
south, two ranges in Bolivia, and dominantly three 
ranges in the north. They parallel the Pacific 
Coast, thus forming the continent’s backbone. Top- 
ographically, they are similar in most parts. 

Throughout the Andean mountain mass there are 
high plateaus and deep longitudinal valleys, espe- 
cially in the middle and northern parts. Some of 
these valleys are the result of folding and trough 
faulting much deepened by river erosion. Thus, in 
Colombia, the Magdalena and Cauca Rivers have 
appiopriated and enlarged structural depressions. 

Except in Bolivia where they attain their maxi- 
mum width of 400 miles, the Andes are seldom 
more than 200 miles wide. They do not ecfiial the 
Himalayas in height, but they offer at least 30 
peaks above 20,000 ft. The average height of the 
Andes is estimated at about 1.3.000 ft. However, it 
is onlv north of latifiidp 3.S®S that the mountains 
exceed 10.000 ft in elevation. 

Although in general the Andes resulted from fold- 
ing and faulting, volcanic formations are common 
in southern Oilombia, Ecuador, central and south- 
ern Peru, and western Bolivia. Possibly nowhere 
else cm edith is there a more spec*taciilar series of 
volcanic peaks than in western Bolivia and on each 
side of the structural depression in Ecuador. 

Because of the great north-south extent of the 
Andes, the processes of their erosion and denuda- 
tion have varied. Southward fiom about 40®S, and 
especially in the far south, the Andes were heavily 
glac iated during the Ice Age, and an extensive area 
north of the Strait of Magellan carries a broad 
mantle of permanent ic*e. (riaciers still descend to 
the heads of many fiords on the Pacific Coast or 
into lakes on the eastern side of the mountains. 

Stratification of climate and vegetation with alti- 
tude can be observed in the Andes of the tropics. 
At the eastern base, the zone containing the hot, 
humid lowland and the foothills up to 3000 ft is 
known as the tierra ra/iente. In the tierra templada^ 
the zone from 3000 7000 ft, the annual range in 
temperature does not exceed 5°F. From 7000-10,- 
000 ft is the tierra fria^ the zone most favorable 
for European settlement. In Bolivia and Peru the 
zone from 10,000 13,000 ft, though occasionally to 
15,000 or 16,000 ft, is known as the puna. Here 
the hot days vary sharply and abruptly from the 
cold nights. Above the puna, from timberline to 
snowline, is the paramo, a desolate region of 
broadleaf herbs and grasses. 

Gapways betwaen continental barriers. The 
broadest lowland routes to the interior are gapways 
between the three great barriers separating coastal 
from interior South America: the Andes rordilleran 
belt, the Guiana Highlands, and the Brazilian High- 
lands. 

The breach between the Andes and the Guiana 
Highlands is some 300 miles wide. The western 
part, near the Andes, is composed of rolling and 
irregular plains. I^cal gapways averaging 1000 ft 
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Ar(incnf(iia, ArKeiitiiiu, 22,835 ft 
Ampato, Peru, 21,702 ft 
Cu<*a Ac*a, Bolivia, 20,320 ft 
Cac'lii, Arf^eiitiiia, 21 ,326 ft 
Chimborazo, Keiiador, 20,577 ft 
Ciiicel, Boii>iu, 20,102 ft 
Coiidoriri, Bolivia, 20.0 13 ft 
Coropuna, Peru, 22,802 ft 
C^uzco (Aiisun^ate), Peru, 20,187 ft 
Del Aeay, Argentina, 20,801 ft 
Dos Coiios, Argentina, 22,507 ft 
Falso Azufre, Argent iiia-(3iile, 
22,277 ft 

iluasearaii, Peru, 22,188 ft 
Illampu, Bolivia, 21,276 ft 
lllimuiii, Bolivia, 21,282 ft 
liieah uasii, Argeniiiia-Chlle, 

21,720 ft 

Lliillaillaeo, A rgeiit ina-r4hile, 

22,015 ft 

Mereedario, Argentiiia-Chile, 

21,881 ft 

Oj<»s del Salado, Argent ina-Chile, 
22,573 ft 

Payaehata, Bolivia, 20,768 ft 
Pissts, Argentina, 22,215 ft 
Poroiigos, Argentina-(3ule, 

20,512 ft 

Pillar, Chile, 20,312 ft 
Sajama, Boli\ia, 21,300 ft 
Sarmient<i, Chile, 20,670 ft 
Soeornpa, A rgerit ina-t ^hile, 

10,787 ft 

1\m‘oi puii, Boliv ia-CJiile, 

22,163 ft 

'I'ortolav, de las, (^hile, 

20,018 ft 

Tre^ Cruies, Chile, 21,720 ft 
rurpungato, Chile, 21,100 ft 
\aladeio, Argentina, 20,735 ft 


* The elevations are appro^^iiiiate and some are eon- 
troversicil. Data based mostl> on tables in (inodes 
World AlUiSs Band Me\ally A Co., 10th ed., 1057. 

or less in elevation extend through th«* hill and low- 
mountain country of the eastern section. The cli- 
mate of the gap is warm to hot at all times. Rain- 
forest vegetation covers the southern part, and 
tropical savanna and seniideciduou.s forest pre- 
dominate in sections of the northern region. The 
gap is undeveloped and little traveled. 

The low-relief plain between the hilly margins 
of the Brazilian Highlands and the Guiana High- 
lands is 150-200 miles wide, through it courses the 
Amazon River. The climate is monotonously warm 
to hot. Vegetation is evergreen tropical rainforest, 
or selva, along rivers and in low sections; semi- 
deciduous forest and areas of savanna are found on 
interstream uplands and the bordering hillier coun- 
try. The gap is little developed except for the 
rivers, which are navigable for small ocean steam- 
ships far into the interior. 

In the southeastern part of the continent a 
breach 300 or more miles wide extends between the 
Brazilian Highlands and the Andes. Savanna and 


semideciduous forest predominate in the northern 
portion. To the south there is a change from tropi- 
cal to humid siibtropi(*al climate, and scrub forest 
gives way near the coastal zone to prairies and the 
cultivated lands of the Argentine Pampa. Wtsi of 
the Pampa the idimate grows drier; vegetation be- 
comes “monte” .scrub and scrub as the Andes are 
approached. 

Major rivers and river systems. There are three 
great river systems in South America and a number 
of important livers which are not a part of these 
systems. First of the river systems in size is the 
Amazon which, with its manv tributaries, drains a 
basin c*overing 2.700,00(1 square miles, or about 
40^r of the continent. Next is the svviem composed 
of the Paraguay. Paiana. and La Plata Rivers, the 
last being a huge estuarv. The third river com])!ex, 
located in southern Venezuela, is ilie Orinoco 
which drains water from .365.000 square miles of 
land, emptving into the Atlantic Ocean along the 
northeast edge of the continent. The major inde- 
pendent rivers are the Sao Fiancisco, arising on the 
Brazilian plateau, and the Magdalena-Caiica, whii h 
empties into the Caribbean. 

Amazon River system. The Amazon River system 
begins in the Andean highlands and stieli lies ai loss 
the north central part of the continent, draining 
the interior lowlands. The Amazon itsidf is joined 
b\ some 500 tributaries deseending the Andes and 
the Brazilian and (iuirina Highlands. 

After carving their wav from the Andean high- 
lands, several headwaters join near Iifuitos. Peru, 
to form the Amazonas Solimoes (upper Amazon 
segment). The gradient is gentle, about 0.2 in. per 
mile, or about .15 ft for the last 2000 miles to the 
sea. Consequently the upper segment is in main 
parts a maze of channels and islands. For such a 
broad course a surprisingly small portion (about 
105f ) of the ba.sin is chronically flooded, and high 
banks or even bluffs adjoin most of the upper and 
lower course. Flooded and inurshv land oldens in 
the lower course between Manaus, where the large 



Fig. 6. A northeofterly oblique view over the con- 
fluence of the Rio Moronon and Rio Ucayali in Peru, 
where the real Amazon is born. This scene lies in o 
portion of one of the world's largest plains. IServieio 
Aerofotogrdfico NaeionoD 
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Negro River joins, and the junction with the Tapa- 
jos; but the basin plain narrows to 150 miles north- 
south between the hilly margins of the Guiana and 
ihe Brazilian Highlands. Below the confluence 
Ytiih the Xingu the alluvial and deltaic bottom 
lands widen; and the river and its tribiitaiics, now 
d densely interwoven pattern, discharge huge vol- 
umes of water and silt, staining the Atlantic 200 
miles from shore. 

Because the highwater flows of Amazon tribu- 
taries occur at compensating limes, the maximum 
flood height on the Amazon is onlv about 20 ft. 
From Februarv to April the highwatei stage moves 
down the Amazon fiom Peruvian headwaters to 
Manaus, reaching Belem in June. Re<*ause of the 
ri\e!’s low gtadient. the Atlantic tide reaches up- 
stream about 600 mile*! to Obidos. the rise mo\ing 
with a pionouiiced bore or porofora (acc Tium 
HORF ). 

The Amazon has been important as a wav in and 
out of the broad trot)lcdl parts of the continent. It 
is navigable foi ocean-going vessels of about 7000 
Ions and 11-ft draft. Navigation is difficult because 
llic liver shifts coiiises so rapidly that a permanent 
( li.iil has littlfMalue 

\mong the laigei Amazon tnbutaries is the 
Madeiia Rivei. which extemds 1200 miles to the 
iiorthcMst through the interic»r Brazilian plains. It 
is formed bv the joinirig of the Mamore, Beni, and 
Madrc* de Dios Rivers and discharges into the Ama- 
zon about 90 mih^s east of Manaus. 

The Mai anon Rivet is an Amazon headw'ater 
\\hic h oiiginates within 85 miles of the Pac ific near 
(Viio de Pasc*o The livcu travels thi<»ugh a .5000 
h-deep canyon during its long northward coiiise in 
(he Andes, then swings east and |oins the Ucavali 
lo foim the uppet Amazon neat Icpiitos. The Mara- 
non is 1000 miles long. 

The Rio Negio is a major left-bank tribiitarv of 
the Amazon. From its source in eastern Colombia 
to its June lion with the Casicpiiare on the Colombia- 
\ eneziicla border, the liver is known as the (»uainia. 
The Negro is 1400 miles long and attains a width 
of 20 miles above Manaus, but it is only IVj mib*- 
wide at the mouth. Unlike the brown, muddy Ama- 
zon, the Rio Negro is inky in color. It is classed as 
a black-water river. 

Paraguay Parana-La Plata system. From its 
headwaters in southwestern Brazil the Paraguay 
River courses southward 1300 miles, discharging 
into the Parana at the southern edge of Paraguay. 
The western bank of the Paraguay is low, and 
during the rainy season the western side of the en- 
tire basin, thousands of square miles of low-lying 
country, becomes inundated. 

The Paiana ranks among the world’s major 
rivers. It is longer and carries more water than the 
Mississippi River in the United States. Its source 
in the Brazilian Highlands is 2450 miles from its 
outlet in the Rio de La Plata. The Parana has cut a 
deep canyon in the flat-topped plateau of its upper 
course. As the river drops over the edge of the lava 


formation, famous waterfalls are created — La 
Guayra and Iguazu. the latter on the Igiiazu. a trib- 
utary of the Parana. However, from Corrientes, 
where the water of the Paraguay is added, the 
gradient is gentle. Since the Parana rises in areas 
with characteristically heavy summer rainfall, the 
water volume fluctuates widely, the variation from 
high to low water reaching 15 ft in the lower 
c'ourse. At the mouth of the Parana is an enormous 
delta, shared with the emptying Uruguay River. 
The delta c'onsists of numerous low. flat islands 
which are submerged tor weeks at a time. 

From the head of the estuary of La Plata to the 
optn Atlantic is some 200 miles — the laigest in- 
dentatiem on the east coast of South America. At 
Buenos Aiies the estuary is about 25 miles wide, at 
Montevideo 60 miles, and at its mouth 138 miles. 
The Pdiand and the Ufuguay transport huge quan- 
tities of silt intc» I a Plata, some of which settles 
in navigation cJiannels. necessitating costly dredg- 
ing. 

Navigation for vessels of 6- to 7-ft draft is pejs- 
sible as far as Coriimba, Brazil, some 1800 miles 
upstream frcim Buenos Aires via the Parana and 
Paraguay Rivers. The remainder of the Parana is 
little-iispd for navigation and its hydroelectric po- 
tential is as vet undeveloped beiause markets are 
too distant. The Paraguay, however, serves the in- 
terior and is Mtnsidered the national life-line to the 
outside world for Paraguay. 

Orinoco River wstem. The Orinoco of Venezuela, 
with its many tributaries, comprises the third 
largest river system in South America. The head- 
waters lie in southern Venezuela near the Brazilian 
border Near Esmeraldas, in southern Venezuela, 
is a stretch of about 220 miles known as the Casi- 
quiare Canal, joining the Orinoco with the Negro 
of the Amazon system. 

The Orinoco is approximately 1600 miles long 
and is noted for its variability in volume from wet 
to dry season. It is a broad stream, being a mile 
wide even at Ciudad Bolivar the “narrows.” So 
heavy is the rainfall from June to Oc'tober that the 
master stream and its tributaries are unable to 
handle all the water, and enormous areas become 
inundated. The river rises 39 ft at the Puerto 
Ordaz. From January to March the dry season 
holds sway. Not a drop of rain falls. The waters re- 
cede and only the larger rivers flow freelv. The 
smaller ones are gradually converted into chains of 
pools and swamps along the valley bottoms. 

Where the Orinoco flows into the Atlantic it 
forms a low wide delta consisting of small islands 
and swamps and an intricate maze of distributaries. 

Sao Francisco River, The Sao Francisco, re- 
garded as South America’s fourth largest river, is 
independent of the other river systems. Its source 
is in the hills of Minas Gerais, Brazil, and from 
there to its outlet near Maceio it is some 1800 
miles. Together with a few tributaries the Sao 
Francisco drains a basin area of 300,000 square 
miles. After leaving the deep gorges the river has 
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cut through the low mountains of southern Minas 
Gerais^ it flows for a great distance between the 
ranges paralleling the coast. Here atop the surface 
of the plateau it appears to flow within a broad 
shallow valley bottom, or local peneplain, some 
15-20 miles wide and 1200-1500 ft above sea level. 
After it turns in an eastward direction, the river 
passes through channels between granite canyon 
walls and plunges over an enormous cataract, the 
Paulo Afonso Falls, about 150 miles from the sea. 

Above the falls the river is navigable almost to 
its source. The Sao Francisco, with a 72-mile sec- 
tion of lailroad to circumvent the falls, rapids, and 
goiges. provides the chief access to a large part of 
eastern Brazil. 

Magdahna-Cauca River. The Magdalena and 
Cauca Rivers arise in the cordilleran Andes about 
1”N of the Equator and join some 600 miles farther 
noith. About 200 miles be>ond, the river empties its 
silt-choked waters into the Gatibbean near Baran- 
quilla. 

In its upper lourse the Magdalena flows between 
the Oriental and Central cordilleras. Its middle 
course occupies a trough fault. Some geologists 
believe that the valley floor subsided in recent 
times. d< counting for the widespread swamp areas. 
The river is interrupted by rapids from La Dorado 
to Hondo. 

Over approximately 250 miles of its upper course 
the Cauca flows through a wide rift valley and 
over numerous rapids, then through a series of 
goiges cut into the rugged ten am where the two 
cordilleras are joined. Below this segment the 
Cauca, as well as the Magdalena, passes through 
pooily diained I'ountry with many shallow lakes, 
or o\erflow basins, along the river banks. 

The Magdalena is of first importance to Colom- 
bia. for It provides the only surface link between 
Caribbean ports and the mountain-girt cities of the 
interior 

South American deserts. South America is 
unique in having a west-coabt desert that extends 
almost to the Equator, an east-coast desert pole- 
waid fiom latitude 40^ (the Patagonian), and a 
desert that piobabiv receives less rain than any on 
iheeaith (the Atacama) 

The Atacama-Penivian Desert dominates the Pa- 
cific Coast for nearly 2000 miles, lying between the 
ocean and the higher slopes of the Andean ranges. 
In many places, particularly in Chile, the land 
rises abruptly from the sea to an elevation of 2000- 
3000 ft (Fig. 5). The driest stretch, one of the 
driest places in the world, is between Arica and 
Caldera. Above the seaward scarp is a low range 
of hills and a desert trough, 30-50 miles wide, from 
which nitrate deposits are extracted. Beyond are 
the Andes, whose western slopes are seamed by 
numerous dry ravines. In this 600-mile stretch the 
Rio Loa is the only stream flowing from the Andes 
toward the Pacific that reaches its goal. 

The persistence of this desert through latitudes 
at which deserts are not found elsewhere is mainly 
the result of the presence of the northward-moving 



Fig. 7. Port of Motaroni on desert coast of southern 
Peru. This oblique aerial view looks coastwise south- 
ward over one of the world’s driest and most barren 
coastal zones. (Serviao Aerofotogrdfleo Naeional) 

Humboldt Current Cold water rises between the 
current and the shf>re, and prevailing winds blow 
the resulting cold air onto the warmer land with a 
drying effect. 

The dryland climate of the Atacama- Peruvian 
Desert crosses the Andes (it is characteiistK of the 
Bolivian Altiplano) and reappears in western Ar 
gentina. Here, between approximately 30 and 40” S, 
is one of Argentina’s two deserts. It lies in a long 
band between mountain slopes and mor» humid 
land to the east. As it is primarily a region 
of interior drainage, there are many swamps, 
marshes, and salt flats. Although precipitation is 
highly variable, at least one-third of the region re 
c eives less than 10 in. of rainfall yearly. 

South America’s east-coast desert, the Patago- 
nian, is found between the Rio Colorado and the 
Strait of Magellan. The desert is paitly located in 
the rain shadow of the Andes, and the meager an 
nual rainfall is ordinarily 5-6 in. Also contributing 
to the region’s aridity and its extent to the Atlantic 
shores are the c‘old waters of the Falkland Current, 
moving northward off the eastern coast, and the 
ceaseless winds, which hasten evaporation Wind 
velocities sometimes exceed 70 mph. What pretipi 
tation there is occurs mostly in winter. Winter tem- 
peratures, which are very cold, are the result of 
high latitude and high elevation. 

Islands. Three major islands or island groups lie 
off the South American coast. Trinidad, in the 
north, contains a. range of mountains exceeding at 
points 3000 ft elevation. The range is geologicallv 
an extension of Venezuela’s Cumana mountain*^ 
Also on the island is the largest asphalt lake 
known. See West Indies. 

The Falklands stand on the shallow continental 
shelf off the rocky coast of Patagonia, near the 
southern tip of the continent. In a few places 
elevations exceed 2000 ft above sea level. The is- 
lands have a cool marine climate. 

On the Equator and about 550 miles west of 
Ecuador arc the Galapagos, a group of 13 volcanic 
islands. Those in the northwest have steep slope**, 
many of bare lava with well-preserved craters to 
attest to their extreme youth. The southeastern is- 
lands are older, with rounded heights, gentle slopes. 
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and craterb much altered by erosion. The climate of 
the Galapagos is arid. | 

Bibliography: F. A. Carlson, Geography of Latin 
America^ 3d ed., 1951; P. E. James, Latin America^ 
rev. ed-, 1950. 

South Pole 

That end of the earth's rotational axis opposite the 
North Pole. It is the southernmost point on the 
earth and one of the two points through which all 
meridians pass (the North Pole being the other 
point). This is the geographic pole and not the 
same as the south magnetic pole, which is near the 
coast of Antarctica, south of Tasmania. The South 
Pole lies inland from the Ross Sea, within the land 
mass of Antarctica, at an elevation of about 9200 ft. 

As the earth’s axis is inclined 23^2® from the 
\ertical to the plane of the ecliptic, the South Pole 
experiences six months when the sun is continu- 
ously above the horizon, reaching a maximum alti- 
tude of 23%°. It also has six months when the sun 
remains continuously below the horizon, fiom 
Vfanh 22 to September 22. During the latter pe- 
riod, however, there is an inteival of seven weeks at 
ihe beginning and at the end when twilight (ondi- 
tions preclude total darkness. Twilight jirecaiU 
when the sun is between 0° and 18° below llie hori- 
zon. 

'rhere is no natural way to determine lofdl sun 
tune because there is no noon position of the sun, 
and shadows point north at all times, there being 
no other direction from the South Pole See C»icm^ 
IMCHY, MAI Ilf MM 1C A 1 ; NoKIlI J*OI f hni‘l 

Southeast Asian waters 

Ml the '•eas between Asia and Austialia and the 
Pdc ific and the Indian Ocean. They form a ge »- 
graphical and oceanographical unit because ^f 
their special stnictiiie and position and comprise 
dll area of 8,940,000 km-, or about 2 5<"J of the sur- 
fac e of dll oceans. 

Ocean floor. The oc ean floor c onsists of two laige 
‘'helves, and a number of deep-sea depressions. The 
Siinda Shelf is covered with littoral sediments and 
the bubmeiged valleys of two large river systems 
die found on it. The Araluia Shelf c'onnects New 
(riiinea with Australia. The China Ba<in, whose 
maximal depth is 5016 meters (m), is connected 
vvjth the Pacific Ocean over a sill about 2000 m in 
depth. The Sulu Basin (maximal depth 5580 m) 
has the highest sill (420 m). The Celebes Basin 
(maximal dc'pth 6220 m) is connected with the Pa- 
nfic Ocean over three sills of about 1400 m eath. 
Hie Banda Basin is subdivided into several smaller 
basins, including the Weber Deep of 7440 m; its 
•'til depth is 1880 m. In the Celebes, Banda, and 
* lores Basins volcanic ashea are found. 

Surface circulation. The surface circulation is 
Miinpletely reversed twice a year (Figs. 1 and 2) by 
the '^hanging monsoon winds. 

^tonsoon current. During the north monsoon, 
'*'hich is fully developed in February, the monsoon 
' urrent is formed in the northern China Sea, flows 



transports in million m* sec upwelling of water x x 

sinking of water oo 200 meters depth 

Fig 1. Water circulation in South China and Indo- 
nesian Seas, February. 


transports in million m^ sec upwelling of water x x 

200 meters depth 

Fig. 2. Water circulation in South China and Indo- 
nesian Seas, August. 


along the coast of Vietnam into the Java Sea, and 
into the Flores Sea. Parts of its water masses re- 
turn into the Pacific Ocean; parts sink in the 
Banda Sea oi flow into the Indian Ocean. 

During the south monsoon in August, the mon- 
soon current is formed by water flowing into the 
Java Sea between the Molucca Islands and through 
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Fig. 3. Flow of bottom waters in the eastern part of 
the Indonesian Archipelago. 


the Macassar Strait from the Farifir Ocean. It 
Hows throijf^h the Java and the South ('hina .Sea<i 
and returns noith of the Philippines into the Pacific 
Ocean. The water masses orif^inatinf; from the iip- 
welling legion in the Banda Sea flow chiefly into 
the Indian Ocean. 

The tiansports of tlie monsoon current are 3,000,- 
(KK) m^^'sec in August and 5,000,000 mVsec in 
February, but aie small compared with those in the 
adfoining paits of the Pacific and Indian Oceans 
(Figs. 1 and 2). 

Salinity and temperature The monsoon'* cause a 
pronounced rainv and dry season over most parts 
of the region and c'onsequently strong annual varia- 
tion^ of the siirfacT salinit\, which normally in- 
creases duiing the diy season (north monsoon), 
when evapoiation prevails, and decreases during 
the rainy season (south monsoon). Regions of per- 
manent low salinities are in the Malacca Straits, 
the (»ulf of Thailand, and the waters between 
Borneo and Sumatra, because of the discharge of 
the laige rivers. The surface temperature is always 
high, between 26 and 29'’C, and drops only in the 
northern parts of the South China ,Sea and in the 
Arafura Sea to about 24'*C during the dry season. 

Subsurface circulation. The subsurface circula- 
tion carries chiefly the outrunners of the inter- 
mediate waters of the Pacific Ocean into these seas. 
These waters are identified by salinity minima at 
depths of 300 and 1000 m. The general subsurface 
flow is from the Pacific to the Indian Ocean. The 
deep basins are supplied with Pacific Ocean deep 
water, tiiat enters over the various sills (Fig. 3). 
Only the Timor and A roc Basins are filled with 
Indian Ocean deep water. 

Tides. The tides are mostly of the mixed type. 
Diurnal tides are found in the Java bea, in the Gulf 
of Tonking, and in the (»ulf of Thailand. Semidi- 


urnal tides with high amplitudes occur in the 
Malacca Straits. Strong tidal currents occur in 
many of the small shallow passages. See Indian 
Ockan; Pacific OctAN. Ik.k.w.J 

Bibliography: Oceanographic and meteorologi- 
cal observations in the China Seas and in the IFest- 
ern Part of the North Pacific Ocean, Koninkl. Ned. 
Meteor. Inst. no. 115, 1935; G. Schott, Geographie 
des Indisc hem und Stillen Ozeans^ 1935; The Sneh 
lias Expedition 1929-30^ 6 vols., 1933-1938; 
K. Wyrtki, Physical Oceanography of the South 
east Asian Waters^ 1960. 

Sow bug 

Any of several species of the order Isopoda, class 
Crustacea, phylum Arthropoda. Broadly speaking, 
all of the Isopoda may be called sow bugs, or pill 
bugs. More commonly the term sow bug is reserved 
for the terrestrial species. There are several ter- 
lestiial forms, all quite similar. There are a few 
fresh-wdtei Isopoda and a large number of maiine 
species. 



The sow bug, Oniseus asetius; length to in (From 
E I Palmer, Fieldhook of Natural History, McGraw 
Hill, 1949) 


Most of the sow bugs are of no great importance 
The> act as sc avengers and thus aid in the breaking 
down of dead organic matter. They serve in a 
limited way as food for other animals. Some aquatic 
isopods eat living plants and animals. Several 
marine forms are parasitic on fishes and decapods 
and one form is dcstiuctive to wood. 

The Isopoda are flattened dorsoventrally; the 
head is a cephalothorax representing the true head 
and first thoracic segment; the remaining seven 
segments are alike and are expanded laterally into 
platelike extensions. The abdominal segments are 
short and fused. The legs of the terrestrial forms 
are shoit. The Isopoda are worldwide in their dis- 
tribution. 

There are two American terrestrial families, the 
Procellionidae, or sow bugs, which do not roll up 
in a ball; and the aptly named Armadillidiidac, oi 
pill bugs, which roll into a ball in true armadillo 
fashion when disturbed. The former are flattened, 
with antennae about half the length of the bod>. 
The latter are convex, with the antennae rarely 
equal to more than one-third of the body length. 
Most land isopods are gray in color. 

Most common of the American fresh-water Ic«Oj 
poda is the genus Asellus, with longer legs and 
antennae than the land forms; their color may be 
yellow, gray, blacki^, reddish, or brown. Some 



whil^ forms live in rav^s and siibteirancan waters 
Their e>es are gieatl> reduced in si/e or entirely 
lac king 

Interesting marine forms inc hide the salve hug, 
i(ga psora^ used as a salve b\ fishermen It is para- 
sitic on the cod halibut, and other fishes from 
Europe anoss the North Atlantic and southward 
into the (.iilf of Mexic o 

The giibble, Lirnnoria hgnorum ts another com 
inon niaiine form found on both sides of the \tlan 
tic and on the Pacific roast of the United States 
It burrow^ into submerged timbers and causes 
gieat damage to docks and olhei shoreline installa 
ttons 

The se\e‘s of the Tsopoda aie sipaiate 1 ggs are 
(allied cm the vcnlial sutfacc oi the female’s 
thorax in a brood pouch Thev hatch into forms 
lesembling the adults theie being no me tamoi pho 
SI*. riicMr gcmeial anatc»in\ is e^ssentialh like that 
of the (ia\fish Scf Isoecmv | j u ii | 

Soybean 

This crop plant {(•hunt mnx) an annual legume 
native tc» ( hiiia and \fan(huiia is now widelv 
gtown thioiighoiit the world as i soutce of oil and 
tnotcin foi human and animal c onsumption and loi 
iiuliistrial IIS igc Oiiginallv hroiight to the Hinted 
Mites in 1801- as t)a||ast on a ship coming Irom 
( Inna s(»\|jcans weie first grown as a c unositv and 
till n IS a foiagc and soil huilchrig c rop lodav setv 
he ins aiP giown extonsnc'h in the Midwest and 
Midsoiitli anas and arc the maioi source of vege 
I ihh oil 111 the T nited States Illinois h id^ the na 
lion with u pioduclion in 10S8 oi over 140 000 000 
Inishc Is (60 Ih c ac h I followed hv Iowa Miniif sola 
Indiana Missouii \tkansas and Ohio Basi< allv 
the sovhtan producticm an*a of the United St** s 
(onespemds to that ol coin the two crops requ * 
mg nhout the same soil inojstuie and climatic 
ccmditions Mac lime r\ foi seedbed pre paralion 
planting and cullivaticm of the twe* e rops is intei 
«hdiigf*ahle (Fig 1) 

Economic importance. The United States is now 

the woild’s largest producer of soybeans Of He 
180 000 000 bushels (bii) produced in the United 
Stdtc-s in J9'>7 about 160 000 000 bii weie^ crushed 
OI firoc essed dome*sti( dll>, 90000000 Im were ex 
poite*d, and 30 000,000 bti were used for seed for 
livestock feed, and foi othei farm purposes Sov 
beans rank second to corn in importance as a cash 
cinp throughout the production area bringing re 
tuins of over $1,000,000 000 to Midwest and Mid 
Miiith farmers Since 1946 soybeans have grown in 
iniportanee more rapidlv than any other crop in 
this area 

In China, Manchuria, Korea, and Japan sovlieans 
dre the mator source of protein and fat for human 
consumption A minor portion of the c lop grown in 
the Orient is crushed and the exli acted oil is used 
ds a cooking or salad oil, the cake or flakes (resi- 
due) going into the production of food products 
However, the major portion of the soybean produc 
*ion in these areas is used direct I v as food in the 
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Fig I Cultivating a field of growing soybeans 


form of miso tofu shovu natto. kinako, and simi 
lar products Some soybeans are also used directly 
foi liiitnan consumption in the green or mature 
stages but in most eases the protein is first pre 
pared b\ a proc ess of fennemtatie n or water ex 
liae lion So\ be ans arc known as “meat of the fields” 
thiougliout the Oiient where thtv lake the place in 
the human diet which is commotilv filled b> milk, 
meat and eggs in wtsttin c iviii/ations One of the 
most abundant of the vegetable proteins, seiybeaii 
piotf in IS also one of the best, its ammo ae ids hav 
mg a bal iiiee c leeelv approaching that required for 
human niitritiori It is espec lalh valuable as a sup- 
plement to wheat floir, being high in Ivsine, one of 
the ammo ac ids that is defii lent in wbc at firotein 
(vcc WiiiVT) Sii> protein contains 16 6 times as 
mu h l\sme as wheat flour Furthermore sov pro- 
tein has 8 I times as muc h isoleue me and leue me 
a** wheal flour A No so\ protein contains 7 I times 
a^ much aiginme 3 3 limes as much histidine 8 3 
limes as miicli piiinvlalanine 4 3 times as much 
tnptophan, and 12 9 limes as much valine 

Several thousand vaiieties and selections of soy 
beans have been intiodiice^d into the United Stales 
from othei aieas of the world, and many of them 
wcie one e grown e ommeic iall> Cunent produe tion. 
howevci. IS almost entirely devoted to varieties pro- 
duced in the breeding program conducted by the 
United States Department of Agriculture and the 
cooperating states Regional headquarters for 
these soybean hree*ding programs are maintained at 
Urbana, Illinois, and Stoneville, Mississippi. 

Keseare h on soybean utilization is centered at the 
Northern Utilization and Research Branch of the 
Agriiultural Keseare h Service in Peoria, Illinois 
Extensive research programs arc also being con- 
ducted by the companies engaged in soybean proc- 
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Fig 2 Frogeye diseose of soybeans (o) On stems (b) On leaf 


essing in the tcfining of oil and in the utilization 
of oil and piottin in inaniifac tuiing pioiessc^ 

SiniP 1916 the I riitfd Stales has heionn the 
world’s largest piodin^r and txporlei of so> beans 
and thtii pi od in Is lapan is th< laigest (ustomti 
foi whole so\ beans but norlhern Fiiropean loiin 
tiies also take heav> shipriitnls I he largest export 
market foi so>bean oil is ihe Medileiianean area 
where it is used as n iilaeement forolne oil 

Ihe I butt d States now stands first in soybean 
production with (Inna and Manchuria in second 
place followed b\ Brazil lapan Koiea Malaya 
Indonesia and the Union of South Afrn a 
Characteristics of the plant. Soybean seeds dif 
fer b> varielies grown and in relation to the 
weather conditions and the geographic region in 
which they are produeed Size varus from 1200 to 
9000 seeds Jb most species in current use produc 
ing between ISOO 4000 seeds lb Yellow is the pre 
dominant color of the soybeans grown for crushing 
purposes but \arieties having green black brown, 
and varicolored scedcoats are also produced 
Among the veJ low seed varieties the color of the 
hilum (seed scar showing former point of attach- 
ment to pod) range'^ from black to brown gray 
and colorless See Sun (botany) Oil content of 
the c omine^rially grown varieties in the United 
States ranges from IS^ to as high as 22^, and 
the protein content vanes between % and 40% 

The soybean plant is usually erect and produces 
one, two or three beans per pod Flowers are self 
fertilized and are white pink, purple and interme 


diale in color Sec Fiowin (iiorAxvl Pnbcstnut 
(hairs) on the sic ms leaves ind pods differs willi 
\anctv ranging fioni dark brown through vining 
degices of grays (see FflDFliMls iiani) leivcs 
arc tioiinally daik green 

Although the sovbein plant is a legume and 
thus supports nitiogen fixation hacteiia the stiains 
rccjiiired are not native to soils outside the Omni 
and must be introduced to new aicas by '^oil intro 
due tjons or b> bacterial lultnrcs rtjmmercial in 
CM Illation ciillures are available in most counliics 
See Rhi/osi hi hi- 

Measured from planting date to maturity tin 
growing season of different varielies of so\ beans 
vanes from about 70 days in the north to 180 days 
in the moie tropical areas Harvesting in the 
United States is normally done with a combine or 
harvester thresher when the plant is matuie, after 
the leaves have yellowed and diopped from tin 
plant and when seed moisture is below the re 
quiied for safe storage See AcRiriiLTi KAi MV 
nilNFRY 

Photoperiodism governs maturity of the soybean 
crop (see Photopf riodism in pi ants) The same 
variety may be planted on successive dates with all 
lots maturing at approximately the same time 
Yield however will vary, depending on the grow 
mg season of the variety concerned fc M st ] 

SOYBEAN DISEASES 

Two widely prevalent bacterial diseases of sov 
beans are blight causgd by Pseudomonas 



and pustule caused by Xanthomonas phaseoli. 
These are most conspicuous on the leaves where 
they result in dead areas. The bacteria causing both 
of these diseases are seed-borne and live through 
the winter in the dead, fallen leaves. Svr Kac tlria. 

The more common leaf-spotting diseases are 
fiogeye, caused by the parasitic tungus Cerrospora 
sojina; brown spot caused by Scptoria glycines; 
target spot by Corynespora cassiirola; and downy 
mildew by Peronospora manshurica. Heavily 
spotted leaves fall prematurely (Fig. 2). Pod and 
•»eed infections occur late in the growing season, 
and the parasites live from one season to the next 
in or on infected seed. See Funoi, 

Brown stem rot (*diised bv Cephalo^porium gre- 
gatum and stem canker by Diaporthe phaseolorum 
var. raulivora are fungus diseases that attack the 
stems and kill the plants prematurelv. Thev are 
more common in the Midwest than in other regions 
of the United Slates. The brown stem rot fungus is 
soil borne. The stem cankei fungus is seed-borne 
and lives thiough the winter in diseased stems. 

Fungus diseases that involve the roots and basal 
poition of the stem of the soybean plant include 
(hanoal lot caused bv M(t( rophommn phaseoh, 
s( ierotial blight bv Sderotium rotfsit, stem rot bv 
Srlerotinia sflerntioriwi, Fiisarium blight bv F//- 
sftrium oxy^porum f. trar heiphilnm (Fig 3), Pvlh- 
iiim root rot bv P\thinm spp., Rhizoctonia root rot 
bv Rhizoctonia solani. cotton loot rot bv Phyma- 
tnfrirhum ommvorum^ and Phvtophthora root rot by 
Vhytophthora spp. These fungi all live from veat to 
\ecir in I he soil. 

Put pic stain (utised by Cerrospora kikuchii is a 
dis< oloiation of soybeans that is ob)e( tionable from 
the standpoint of the pioducei of pine seed The 
fungus attacks the leaves, stems, and pods as weV 
as the seeds. 

Three virus diseases attack sov beans. These nre 
soybean mosaic (Soja virus 1), vellow bean mosaic 



^ig. 3. FuKirium blight of soybeans. Two dead plants 
the foreground. (North Carolina Agricultural Ex- 
^fimont Station) 
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(Phasvolus virus 2), and bud blight (tobacco ring 
spot virus ) . 

Root knot caused by the nematode Meloidogyne 
spp. and yellow dwarf by Heterodera glycines both 
occur in the South and are most injurious on 
sandy soils, Meloidogyne produces knotlike swell- 
ings or galls on the roots, whereas Heterodera is 
identified by brown, egg-filled cysts on the roots. 

Control of soybean diseases is obtained primarily 
by the use of disease-resistant varieties. Sovbean 
varieties resistant to bacterial blight, bacterial pus- 
tule, frogeye, target spot, downy mildew, stem 
canker, purple seed stain, and root knot are 
known. Breeding for disease resistance continues. 
Crop rotation and sanitary measures also aid in 
controlling soybean diseases. Seed treatment has 
been rt'commended in «-ome areas to guard against 
seed decay and damping-off of seedlings Th.w.j.I 

SOYBEAN PROCESSING 

Soybean proi'essing or milling is the source of a 
large number of food and industrial products which 
may be grouped in three classifications. Two are 
most impoitant in volume. Over of the soy- 

beans raised in the United States are used in pro- 
diK'tion of soybean oil meals, primarily foi livestock 
feeds, and sovbean oils for food and industrial uses. 
A third classification might encompass a long list 
of end pioducts generdlly resulting from further re- 
finements of sovbean meals and oils- pioducts of 
wide diveisity in their nature and uses, but of com- 
parativelv limited \oiume individually. 

I'here are more than 100 sovbean mills in the 
ITnited States. Production methods vaiv from plant 
to plant, hut only two basic processing methods are 
in general use. One is the solvent extraction proc- 
ess. the other a continuous screw press process. A 
third process, using hydraulic presses, was little 
used for soybeans and may now be considered obso- 
lete. 

Solvent extraction process. The solvent extrac- 
tion process uses hexane, a petroleum solvent, to 
leach oil from prepared soybean flakes. Almost all 
U.S. plants employing this process are of the con- 
tinuous flow, rather than batch operating, type. 
Eifiiipment designs vary considerably, but the proc- 
ess is similar. 

Raw soybeans are first cleaned to remove foreign 
material, then cracked and heat treated to adjust 
temperature and moisture. The particles are then 
rolled into flakes, from which oil is removed by sol- 
vent extraction. The flakes are then desolventized. 

If the flakes are to be used for livestock feed, 
the moisture is adjusted and the flakes heat treated 
or toasted to increase their feeding value. Toasted 
flakes are ground to .size and marketed as soybean 
meal. 

The solution of solvent and oil, called miscella, 
is distilled to remove the solvent. The solvent is re- 
used, and the oil is sold as crude soybean oil or 
subjected to further refining or partial refining. 

Solvent extraction gives the highest yield of oil, 
averaging about ll.f lb of oil per bushel of soy- 
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brans or about 2 lb more than the continuous 
srrt w pi ess 

Sdvlxdii Oil meal is a valuable ingiedunt in man\ 
livestock feed foimiilas and it supplies a large part 
of all the supplemental y protein used in livestock 
feeding in this countrv Its irude piolein content 
IS usually about 44^ \ protein oil meal is 

produced by a modifiration in the nulling ptocess 
to remove hulls immediateK after the irac king step 
The hulls are also sold for cattle feed Ste Pro- 
II i\ 

Continuous screw press process. Oil is squeezed 
out of cracked, dried soybeans in the continuous 
screw method The resulting caked residue is 
milled to size for sale as soybean oil meal Because 
the meal reaches a high temperature in passing 
through the screw press, no subsequent heat treat- 
ment or toasting to improve digestibility is neces- 
sarv Because it contains more oil, this meal is 
lowci in protein c ontent, containing about 41 9^ 

The screw press process was almost universally 
used in the linited States before World War II 
Now the higher yield solvent extraction method has 
substantiallv replaced it. 

Soybean milling is carried on in other countries 

with essentially the same methods. Solvent extrao* 


tion was used eailiei and spicad moie rapidlv in 
Fiirope where yield is of even more economic ini 
portaric c than in the United ^tatc s 

Soy flour. So> flour is a broad term for a nun) 
bei of soybean products, usually proce'»sed and 
milled flour fine for specific food oi industrial pui 
poses Oil content, flavor, coloi, urease content, wa 
ter solubility of protein, fineness of grind and other 
variables are adjusted in processing to meet spe 
cific requirements 

These prodiic ts are classified in three groups, ac 
coiding to fat content. The three groups — high or 
full fat, low fat, and exti acted or defatted soy flour 
— are obtained by varying production methods 

High fat, or full fat, soy flour is produced b> 
steaming or otherwise debittering selected raw 
beans, followed by drying, cracking, and careful re 
moval of hulls by screen and air separation ; then 
milling the debittered, cleaned bean meats to flour 
or whatever granulation is desired These soy flouis 
range from 18 to 20% fat content, and are prinn 
pally used in foods. 

Low fat soy flours arc produced by debittering 
selected beans, carefully removing the hulls, and 
removing part of the oil, usually by means of con 
tinuous screw presses. The resulting cake is mill®® 





to required fineness. Fat content of these soy flours 
varies considerably, generally within the range of 
4.5 9%. 

Extracted, or defatted, soy flours are produced by 
essentially the same process as solvent extracted 
sovbean oil meal, hut with thorough removal of 
hulls. Heat treatment and steaming incident to ex- 
traction make preliminary dehittering of the raw 
beans unnecessary and also produce some desirable 
variations in other properties of the product. 

Extracted soy flours may be made into either 
high or low fat flours by adding soybean oil or 
other vegetable oil t«> the finished product. Substan- 
tial amounts of high and low fat sov flours are 
made in this way. Total soy flour production in 
the ITnited States utilizes 1 2*^? of the soybeans 
grown. 

Further modifications of these basie processes, 
soinelimes bv additional steps, yield other sov de- 
rivatives of economic importance, such as isolated 
protein, modifled proteins, and special adhe»-ives. 

An even wider varietv i»f soy derivatives has been 
pn»duced in other countries, particularlv in the Ori- 
ent. Examples are substitute milk products, soy- 
bean r'lirds. and sov sauce. All are to be found in 
T\S. production, but usuallv not in large volume. 
Some are piodiiced bv other than strictly milling 

processes. 

Soybean oil. Soybean oil finds a ready market 
for both fo<id and industrial uses in refined and 
serni refined iorins. 

Degnmmed or noribreak oil is made bv the addi- 
tion of a small pcnentage of water to erude soy- 
bean oil and centtifiigallv separating the resulting 
pre«*ipirated gums. Degummed oil may either be 
sold for industrial uses or further refined for other 
uses. The sejiarated gums are a s<iurce of lecithin. 

Customary alkali refining used for other vegeta- 
ble r»tls can be afiplied to either crude sovbean oil 
or degummed oil. Tn this refining process, the oil 
is treated with enough sodium hydroxide to re- 
move the free fatty acids, whirdi in turn are precipi- 
tated and centrifiigally separated from the oil in 
the form of soapstock. As the name suggests, this 
product finds an outlet in the soap industry or free 
fdity acid industry. 

Subsequent bleaching and steam deocforizalion 
processes yield edible soybean oils. Large quantities 
of these are consumed in production of .shortening, 
margarine, and salad dressings in the United 
States. Industrial uses of both refined and de- 
gummed oil include paints, blown and bodied oils, 
alkyd resins, epoxidized oils, and others. See Fat 
oil, ediblf; Margarine. 

Refining may also employ other chemicals, .some 
of them acidic. For example, acetic anhydride and 
water are used in one of the most recent processes 
developed in the United States, which yields crude 
commercial lecithin and a refined oil. This piocess 
eliminates the need for alkali refining and can pro- 
duce edible soybean oil with only the customary 
bleaching and deodorization treatment. 

Refined soybean oil, after prolonged storage, es- 
pecially under adverse conditions, may undergo 
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flavor reversion, that is, develop an off-flavor de- 
scribed as “painty” or “fishy.” This is seemingly not 
the same as rancidity which develops in all vege- 
table ciils. There are .several theories as to cause, 
such as unstable impurities not removed by refin- 
ing, changes in some of the unsaturated acids in 
this particular oil, and others. The following pro- 
cedures help to hold reversion in check: (1) care- 
ful refining and deodorizing, especially at higher 
than normal \acuurn.s, (2) use of equipment made 
from nonctirrosive metals such as nickel or stainless 
steel, (3) careful avoidance of contact with copper 
or copper-hearing metals, (4) uses of traces of 
metal sequestrants such as sorbitol, phytic acid, 
and other nonloxic secpiestrants in the deodorizing 
step of the refining. Traces of dissolved metals pro- 
mote onset of this reversion reaction. Hydrogena- 
tion, especially with properly selected catalysts, 
will reduce or eliminate reversion. Edible soybean 
oil finds its best acceptance in outlets where final 
consumption is not too long delayed, or in second- 
ary products that themselves do not have a long 
shelf life such as margarine, certain .salad dress- 
ings. and products which have pronounced masking 
flavors such as sardines or other fish products. Re- 
span‘h is active on this problem in several labora- 
tories. 

Lecithin (soy). Crude, commerc*ial soy lecithin is 
a mixture of phr>spliatjdes and oil obtained hy dry- 
ing the separated gums from the water washing and 
some of the nonalkaline refining methods. 

This material c*onsists mainly of phosphatides. 
not only of the recognized pure chemical called 
lecithin, but also cephalin, other fatlike pliospho- 
niijs-cfuitaiiiing compounds, and 30-35 '"r unsepa- 
rated sovbean oil. See Phosphatide. 

Crude lecithin niu> he treated with oxidizing 
agents, such as hydrogen peroxide, to produce the 
bleached grades of commercial lecithin. Fluid 
grades are produced hy increasing the free fatty 
a( id c<»ntent of the mixture. 

The gums may be furthcT purified by washing 
with selected solvents, such as acetone, to remove 
.soybean oil and other materials, leaving a product 
known as n*fined lecithin, pharmaceutical grade. 

Lecithin is a natural bridge between water and 
oil, and i.s widely used in foods for its emulsifying 
and antioxidant properties, especially in the prep- 
aration of chocolate, margarine, and shortening 
compounds. It is also used industrially for its emul- 
sifying and surfactant properties. See Food engi- 
neering. [r. e. greenfieldI 

Bibliography: K. S. Markley (ed.). Soybeans and 
Soybean Products, 2 vols., 1950-1951; American 
Soybean Asso(*iation, Soybean Blue Booh, 1958. 

Space 

Phy-sicallv, space is that property of the universe 
associated with extension in three mutually per- 
pendicular directions. Space, from a Newtonian 
point of view, may contain matter, but space exists 
apart from matter. Through usage, the term ‘‘space” 
has come to mean generally outer space or the re- 
gion beyond Earth. Geophysically, space is that 
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portion of the universe beyond the immediate in- 
fluence of Earth and its atmosphere. From the 
point of view of flight, space is that region in 
which a vehicle cannot obtain oxygen for it^ en- 
gines or rely upon an atmospheric gas for support 
(either by buoyancy or by aerodynamic effects). 
Astronomically, space is a part of the space-time 
continuum by which all events are uniquely lo- 
cated (see SpACF-TiMr). Relativisticallv, the space 
and time variables of uniformly moving (inertial) 
reference systems are connected by the T^orentz 
transformations (^ee Lorfnt/ transforma- 
tions). Gravitational!), one characteristic of 
space is that all bodies undergo the same acTcl- 
eration in a gravitational field and theiefore that 
inertial forces are equivalent to gravitational 
forces. Perceptually, space is sensed indirectly bv 
the objects and events within it. Thus, a survey of 
space is more a survey of its contents. See Giom- 
¥ FRY. tlTCUDI- AN ; RlI A I IVITY. 

The space around the Earth and extending 
out perhaps 10 Earth radii (40.000 miles) has 
pioperties which differ from those of interplane- 
tary space. The chief reasons foi this difference 
are the existence of the gravitational field and of 
the magnetic field of Eaith. These fields affect the 
densities and motions of neutral and charged par- 
ticles in the vicinity of Earth. Tlie corona of the 
Sun, which was once belie\ed to be a static and 
limited atm<isphere. fills the entire solai system, al- 
though in a highly tenuous form. This corona, in the 
fotm of a plasma of hydrogen paith les, is pervaded 
hv a magnetic field, and it flows past the Eailh at 
Speeds as high as 400 km /sec . .See Atronomy : Van 

AlI FN RAOIAIION 

The geomagnetic field of the Earth, unlike an 
undistorled dipole field, is confined to a limited 
legion of space, as data supplied hv satellite 
measurements suggest. Tlie at tual field is dis- 
torted by radiation belts and piimarily by its 
interaction with the solar wind. This volume of 
space is called the magnetospheie, and is bounded 
bv a thin layer called the magnetopause that fluc- 
tuates in response to the fcolar wind. The mag- 
netosphere appears ti» have the shape of an elon- 
gated comet whose tail points away from the sun. 

Between 10 to 20 Earth ladii, a shock wave is 
produced bv the flow of the solar wind around 
the magnetospheie. 

The gravitational field allows Earth to retain its 
atmosphere hut is not strong enough to prevent 
escape of the atmosphere completely. Above a level 
of about SOO km, where the atmosphere is so rare- 
fied that collisions between atoms ran be neglected, 
the atoms describe ballistic orbits and form the 
exosphere. Light atoms, especially hydrogen, but 
also helium, occasionally obtain enough energy so 
that they escape completely from Earth’s gravita- 
tional field. See Atmospherf; Mesosphere. 

Earth s magnetic field deflects moving charged 
particles (^ee Geomagnetism). Particles of the 
highest energy, namely cosmic rays, are deflected 
by the magnetic field so that only those having an 
energy of more than 15,000,000,000 electron volts 


can enter near the Equator. At the poles, however, 
cosmic rays of all energies may enter because there 
the lines of force of the magnetic field are vertical. 
As a result, cosmic ray intensity at the pole is 
10-50 times higher than at the equator. 

Solar corpuscular radiation, containing parti- 
cles of much lower energies. Is affected more 
strongly by Earth’s magnetic field and is deviated 
into zones at high latitudes. Many of these solar 
partif Ics are trapped in Earth’s magnetic field and 
remain in it for long periods of time, moving hack 
and forth along a line of force, but being reflected 
from each end. In this process particles may be ac- 
celerated to higher energies and then be energetic 
enough to produce luminMis displays in the upper 
atmosphere (\rc Aurora). In their trapped condi- 
tion these panicles contribute to Earth’s radiation 
belt, first obspived in early Earth satellite experi- 
ments. Another soiiice for the radiation belt comes 
from cosmic rays which plunge into Edith’s atmo- 
sphere. there disintegrate alniospheiic nuclei, and 
throw back into space debt is which can be tiapped 
there. .SVe Asironomv : CosMir ra\s; Inifrsiii- 
I AR SI>A( I . I s. I . SINGI h] 

Space biology 

An iiuliisive teim ioi the various hiolug^'al s( i 
ernes and disciplines that redate to the stud\ of 
living things in a space enviionmeiit. Space mecli- 
einc is a logical extension of aviation mc'dic inc 
When applied to astronautics, the design, con 
St ruction, and operation of spacecraft, it is teimed 
hioastronautics. Important aieas m hioastionaiitic ^ 
aie bioclynainics, factors due* to intiinsic condition 
of the flight dynamics of the spacecraft, such as 
weightlessness, accelerations, and vihiations; bjc»- 
phvsirs, factois due to the environment of space 
such as temperature, pressure, and radiation; and 
space medicine, or biomedicine, factors created 
by the Involvement of human beings in the aiti- 
firial environment of the spaceciaft, including le- 
spiratory gases, nutrition, toxicology, and isolation. 
Exobiologv is defined as the search for and studv 
of the possible presence of extrateriestrial life. 
.See Space flighi. 

Biophysics. The physical environment of man in 
space can be discussed by analyzing the functions 
of the atmosphere and the consecpiences of lack 
of it. These involve the gradual diminution of 
pressure and temperature and the rise of radiation 
levels with increasing altitude. 

Temperature. As one leaves the Earth’s surface, 
the outside temperature gradually decreases until 
at 11 km the temperature has fallen to — 55®C. 
Except for certain unexplained temperature varia- 
tions, which are possibly related to cosmic radia- 
tion, the — 55®C temperature remains rclativeh 
constant throughout the stratosphere. Above the 
stratosphere in free space there is no temperature, 
as temperature refers to the kinetic energy 
atoms and molecules; the term absolute zero 
(— 273°C) is commonly used in referring to the* 
temperature of space.^ However, heat energy may 
arise by radiation from the Sun and planets and 



the Earth’s albedo. Very high temperature*^, due 
to radiation, ran develop within a vehicle, 

but they depend on absorption or reflectance by the 
vehicle’s surface and can therefore be controlled. 
.SVe Ai.bkiio; KiNhric theory o> mat ter. 

Pressure, As one leaves the 740 mm of mercury 
pressure of the Earth’s atmosphere at sea level, 
pressure decreases rapidly until the vacuum of 
space is reached at roughly 100 km from the 
Earth’s surface. At 20 km the total air pressure 
of 47 mm of mercuiy is no Icmger effective to 
keep the body fluids in the liquid state and they 
will boil. Cases normally dissolved in blood will 
boil out and form bubbles, and these bubbles 
c'ollect in joints, lungs, and the brain and produce 
the symptoms of decompression sickness, or the 
bends. The astronaut must take an adequate pres- 
sure envirimmcnt with him in bis suit or in his 
cabin. See DLfOMPRFssioN illnlss. 

High-enei gy radiation. The space lia\cler may 
cmoiinter high energy radiation from (1) galactic 
and solar cosmic ravs, (2) high-eneig\ primarv 
pai tides “trapiied” in the Eai ill’s magnet fields 
or Van Allen belts, (3) intei action with radiation 
fields such as auroras, and f4) emissions from 
nuclear powei sources or high-v(dtage ele<*lroni( 
equipment Radiation '•ickness following large, 
ac (Me doses f)f radiation prodmes nausea, vomiting, 
and b)wcr(‘d blood counts. (]hionic exposure inav 
prodm*e genetic effects and picdispose to leukemia 
and cancer. Thcuigb the bicdogical effects cannot 
vet be prec iselv deseiibed, it is known that a liigh- 
eneigy particle can kill single cells and even 
unicellular organisms. Cosmic radiation can dis- 
lufit c hromosornes, produce mutations, and damage 
hair follicles and skin. See Mm a i ion: Radimion 
INJIRY fmoLoov). 

Radiation effects can be prevented bv adectiiaie 
shielding. The results erf Pro|ect Mercuiy and 
unmanned instrumented satellites suggest that 
though radiation c'xposure must be carefully con- 
trcdled, it will not prevent manned space explora- 
tion. High levels of cosmic radiation are associated 
with solar flares or solar storms, which occur perl- 
<»dicallv. High levels of solar flare activity are ex 
pcM'ted in the late 1960s and early 1970s. 

Heat, The heat problems in space flight are pri- 
marily of two types: (1) the very high skin-friction 
temperatures which can develop as the rocket re- 
enters the Earth’s atmosphere, and 12) the low 
temperature normally expected in space and the 
Stratosphere. The skin-friction temperature can be 
overcome by controlling the speed of the rooket 
ind using heat-resistant alloys. 

Man’s tolerance to thermal stress is largely 
limited by his ability to dissipate absorbed heat. 
When the skin temperature reaches 45 ®C, pain is 
^dmulated, and thermal burns may be produced. 
Rapid rates of heat storage will produce rising 
heart rate and rectal temperatures and circulatory 
^‘ollapse unless heat is dissipated. Rectal tempera- 
tures over 41 are tolerat^ for short periods of 
time only. Protective ventilation and refrigeration 
the astronaut are necessary if prolonged heal 
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piilse.s are to be tolerated. Retrofire systems can 
effectively reduce reentry speed, thereby reducing 
the skin-friction icraperature of the space vehicle. 

Biodynamics. Among the biod>nainic effects of 
space flight, the phenomenon of weightlessness 
associated with orbital flight po<»es the greatest 
problem. Although no major difficulties have re- 
sulted during up to four days in the weightless 
slate, the bases for further extrapolation are un- 
clear, since other factors enter the situation as 
the time pdramcleis arc extended. 

All indications are that the accelerations and 
the other dynamic effects associated with leaving 
and entering the gravitational field, such as vibra- 
tion and ncuse, are fully tolerable. 

Accel elation and toleianre to gravity. The 
problem of acceleration-deceleration and gravity 
(g) tolerance in the human has been under ex- 
tensive experimental investigation. The instrument 
commonly used for such experimental work has 
been the human centrifuge. 

In terms of the human, the Earth’s ‘gravitational 
pull is (oinmonly exjircssed as 1 g. If gravitational 
pull is Jess than 1, as may be cibserved in the out- 
side b»op of an airplane or in a roller c*oaster just 
as it starts downward, it is spoken of as sub-g and 
is expressed as a fraction. The reverse of the above 
situation may be* seen in a rolb»r coaster just as it 
starts ui>waid or in an airplane as it pulk out of a 
dive. Here the g is in excess of 1 and is expressed 
as a multijrle of g. A subject’s capacitv to with- 
stanel g in excess »»f 1 is spoken of as bis g toler- 
ance*. Me)st sulrjecls have a g tolerance of 2.5 -5.0 g 
and can withstand 8 to 12 g for a limited period. 

Acceleration is the rate of ebange of motion of 
an object and is expn*ssed in meters /sec/sec. One 
g is the ae e'eleralron imparled to a falling object 
ill the gravitational field at the Earth’s surface 
and is 9.8 meters ^sec 'sec. An\ subject standing 
erect is tolerating a posilive 1-g stress. For opti- 
mum lolciance, the subject is seated so that the 
spine is perpendicular to the accelerative fc»rrc 
and, in thi® transverse position, 8 to 10 sustained 
g can be tolerated. The astronauts of projects 
Mercury and Gemini rode theii spacecraft in 
transversely oriented form-fitting combes and tol- 
erated up to 8 g briefly during reentry. The use of 
three-stage rockets to lift the vehicle into orbit 
allows for three short peaks of acceleration rather 
than one large sustained peak. The circulatory 
system is the organ bysteni most vulnerable to 
accelerative effects. At 10 g, blood with a specific 
gravity of 1.060 becomes as heavy as molten lead 
with a specific gravity of 10.60. Acceleration pro- 
duces a decrease in venous return to the heart, 
increased heart work, and altered irressure-receptor 
reflexes. 

Tolerances for forward acceleration are limited 
to about 5 sec at 12 g, 23 sec at 10 g, and 1 min at 
8 g. Prolonged low acceleration (under 4 g) bos a 
distinct advantage in that man could tolerate ve- 
locities in excess of 200,000 miles per hour, but 
this is not possible with the propukion systems 
that are currently used fmr rockets. Man’s toler- 
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ance for reentry (deceleration) will depend upon 
his ability to decelerate the rocket at a rate com- 
patible with his g tolerance. 

IT eightlessness. The phrase “gravity dependence 
of physiological systems’’ includes both the tran- 
sient effects of posture or position change and the 
physical and physiological characteristics that all 
humans share as the result of evolutionary adapta- 
tion to a gravity environment. There are no biolog- 
ical systems strictly dependent on gravity. The 
immediate physiological effects of weightlessness 
are practically identical to these postural changes 
occurring on lying down. In the recumbent posi- 
tion the long axis of the body is transverse to 
Earth’s gravitational field, and for the cardiovas- 
cular system and the skeleton this condition 
approaches weightlessness. In the recumbent pos- 
ture body-fluid distribution is altered. Blood, 
which pools in the extremities in the standing 
position, mtm!s into the chesi, the total circulating 
blood volume increases, and the rate of urine flow 
from the kidneys incTeases. These are typical 
transient or immediate physiologic^al changes due 
to a change in posture. If the subjecjt remains 
recumbent as during prolonged bed rest, (1) the 
blood volume progressively decreases, (2) there 
is increased urinary excretion of calcium from the 
skeleton and nitrogen from muscle, and (*1) weak- 
ness and loss of the normal cardiovascular reflexes 
develop. These reflexes maintain the blood pres- 
sure while the individual is standing. Loss of nor- 
mal cardiovascular reflexes is termed cardiovas- 
cular deennditioning. These <;hanges are long-term 
“adaptive” responses of the human organism to a 
new environment, bed rest, or weightlessness, in 
which the effect of the gravity vector is minimized. 
Similar effects, both transient and adaptive, were 
postulated for weightlessness well before the first 
manned spare flights. TJmited biomedical infor- 
mation is available from American and Russian 
astronauts exposed to periods of weightlessness of 
up to four days. At this early stage of space 
exploration many of these data lack sufficient defi- 
nition and control to permit firm conclusions. How- 
ever, general responses may he recognized. At 
least three major physiological alterations in hu- 
man subjects exposed to weightlessness have been 
identified and possibly are reflections of altered 
body-fluid distribution and cardiovascular reflex 
responsiveness due to weightlessness. First, the 
astronaut of the second United States manned 
orbital space flight experienced a substantial loss 
of body weight, hemoeoncxmlration, and relative 
dehydration. Several known factors contributed to 
this response, including recurrent overheating of 
the astronaut by failure in the pressure-suit ven- 
tilating system. The physiologically interesting 
observation is that during this flight an unusually 
large amount of very dilute urine was excreted. 
A hot, sweating dehydrated person would normally 
be expected to excrete a small amount of con- 
centrated urine. This apparently inappropriate 
urinary response by astronaut Carpenter is com- 
patible with protracted inhibition of the release 


of the antidiuretic or water-retaining hormone. A 
second observation is that at their postflight medi- 
cal examinations all four of the United States 
orbital astronauts showed significant hemoconcen- 
tration suggesting dehydration. A Russian report 
of the postflight examination of cosmonaut C. Titov 
noted “a significant tendency for reduction in the 
fluid compartment of the blood,” that is, hemo- 
concentration. Factors such as temperature, vol- 
ume and rate of fluid intake, and emotion may 
well he involved, hut shifts in body-fluid compart- 
ments due to the absence of hydrostatic pressure 
in the weightless state must he considered. Ac- 
curate measurement of the various body-fluid com- 
ponents, particularly the 4)Iood volume, will he an 
important part of the first in-space biomedical 
studies. A third alteration which may possibly he 
attributed l(» weightlessness is postflight ortho- 
static hypotension. Titov is reported to have had 
an abnormally fast pulse rate during a lilt-tuhlc 
test done 23 hours [)ostflight. In reports of the 
Russian Vostok III and IV flights, it appears that 
reentry accelerations were tolerated without loss 
of c'onscioiisness after three and four days of 
weightlessness. No data concerning the postflight 
orthostatic tolerance of these cosmonauts are avail- 
able. However, the astronauts of the thjrd and 
fourth United States orbital flights demonstrated 
a tendencjy toward postural hypotension for nearly 
24 hours after their flights. Tliis was evidenced by 
a moderaty^increase in heart rate and decrease in 
systolic blood pressure during quiet standing and 
tilt-table testing as compared to preflight re- 
sponses. An unusual degree of venous engorgement 
of the dependent extremities was also noted during 
standing. It remains to be demonstrated that these 
tdiserved changes are due solely li> weightlessness 
and not to some other factor or combination of 
factors in the space flight environment. However, 
the similarity of the observed changes to the al- 
terations seen in bed rest and immersion subjects 
is striking. Physiological studies in space and 
immediately after manned space flights will per- 
mit confirmation of these biomedical observations 
and definition of their exact relationship to 
weightlessness. Sec Wkightlessness. 

Vibration, Vibration, a type of complex accel- 
eration, results from the continued application of 
periodic forces of various magnitude, direction, 
and frequency. All frequencies are not equal I v 
damaging. In the range of 1 to 15 cycles per 
second, human tolerance to vibration is limited t(» 
a few g since the resonant or natural frequency 
of human organs occurs in this range. The damag- 
ing effect is presumably due to mechanical distor- 
tion of body tissues at these resonant or near- 
resonant frequencies. Symptoms produced h> 
vibration in this range are chest pain, difficulty in 
taking a deep breath, headache, and confusion- 
The newer and larger booster rockets may produce 
considerable vibration, some in this critical range. 

Noiae, A serious biodynamic stress of apace 
flight for astronaut and ground crew afr* vvell Js 
noise. Large boosters of the Saturn series will 



ducc noise well over 100 decibels, which can pro- 
duce permanent deafness of the unprotected ear. 

Combined stress. The physiological effect.s of 
multiple and sequential stresses are at the present 
almost completely unknown. The effect of hypoxia 
or heat on man’s tolerance to vibration and the 
effect of weightlessness on man’s tolerance to re- 
entry acceleration are being studied in advanced 
laboratory simulators. 

Biomedicine. One of the most important space 
medical problems is the cliniat i/at inn of the cabin. 
The cabin must perform all the physiological ne- 
cessities of a habitable climate similar to that 
found close to the ground. In addition, extended 
stays in a cabin of limited volume and over long 
periods of time will necessarily result in sensory 
deprivation, confinement, and isolation. 

Breathing gases. Considerations involved in the 
selection of the gaseous environment for a manned 
spacecraft are generally divided into two cate- 
gories: engineering considerations and physiologi- 
cal considerations. Engineering considerations in- 
clude weight, fire hazard, leakage, reliability, and 
systems integration. The single gas system offers 
many advantages by minimizing weight and leak- 
age and in system simplicity, reliability, and ease 
of integration with a suit capable of being worn 
outside the spaceshiti. In I’roject Mercury a lOO^f- 
oxygen fi-])sia (pounds per square inch absolute) 
space craft alinosphere was used primarily for the 
engineering advantages listed above. Physiological 
considerations in atmosphere selection include the 
avoidance of oxygen toxicity and dysbarism, and 
general decompression protection. Phv'.iologically. 
lh(! optimum spacecraft atmosphere would be a 
n(»rmal or sea-levcl environment of 79<7f nitrogen 
and 2\^^f oxygen at 14.7 psia. The Vostok fligl'»»s 
used such an atmosphere successfully. This atm i- 
'^phere is potentially dangerous, risking almost cer- 
tain decompression sickness in the event of loss of 
cabin pressure. In addition, it is incompatible with 
extravehicular suit o])eration where reduced par- 
tial ])ressures are necessary. 

There is no evidence that an inert gas is neee«- 
^ary to sustain life, ft may be necessary, however, 
to dilute oxygen and prevent oxygen toxifity over 
))rolonged periods. A mixed gas atmosphere of 
oxygen and an inert gas such as nitrogen offers 
protection against dysbarism and oxygen toxicity, 
although the single gas. oxygen, affords greater 
protection in the event of a rapid decompression. 

Although fire hazard is decreased in a multiple 
gas environment, the hazard reduction is not ctm- 
.‘•idered operationally significant in currently 
planned spacecraft. Any habitable atmosphere will 
s^upport combustion. 

A 100% -oxygen 5-psia atmosphere has been se- 
lected by the National Aeronautics and Space 
Administration (NASA) for the Gemini and 
Apollo missions. An atmosphere validation pro- 
c^ram by NASA, the United Slates Air Force School 
^>f Aerospace Medicine, and the Republic Aviation 
Corporation indicates that, in general, the 100%- 
oxygen 5-psia atmosphere is well tolerated and 
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that no abnormalities of operationar significance 
were observed. Pulmonary atelectasis, or collapse 
of the alveoli or air sacs, the most serious con- 
sequence of oxygen toxicity, could not be detected. 
Two fires occurred during the studies in this pro- 
gram, emphasizing the potential fire hazard of a 
pure oxygen atmosphere. The influence of weight- 
lessness on long-term exposure to 100% oxygen 
or to reduced partial pressures is unknown at 
present. No significant interaction, however, has 
been ])redicted or indicated. The suit used by 
cosmonaut A. A. Leonov when he was in space 
during the Voskhod II flight was supplied wilh 
100% oxygen at approximately 6 psia. 

Nutrition. For short-duration flights, adequate 
food and water are easily provided. Frozen, dried. 
and conveniently packaged foods of adequate 
tastiness and nulrilion are available. However, for 
prolonged flights, weight limitations would pre- 
clude taking along adequate supplies of prepared 
foods and water. Tlierefore, regenerating systems 
arc being dcvcl(q)ed in whic*h small sea plants, 
algae, w'oiild be grown in special containers. They 
would be suppftrted by sunlight and the astronauts* 
expired carbon dioxide, watered by the astronauts’ 
f)uriried urine, and |>erhaps fertilized by the astro- 
nauts’ wastes. In such an ideal system, the plants 
wxHild not only live on expired air but would re- 
new the astronauts’ oxygen supply. The astronauts 
might also drink their purified urine. 

Toxic substances. In the sealed atmosphere of a 
space vehicle, many normally innocuous substances 
may collect to toxic concentrations. Such toxic 
substances may accumulate from the human in- 
testinal tract, adhesives, fuels, refrigerants, paints, 
and electronic components. Any material in the 
vehicle may “oiitgas” or evaporate tiny bits of its 
substances as gas molecules. HundredvS of such 
materials, toxic if allow^ed to accumulate, have 
been identified in space cabin tests. 

Isolation and disorientation. Studies suggest that 
if man is isolated from other men or from the nor- 
mal sensation of daily living, such as noise, conver- 
sation. touch, and motion, his ability to cemcentrale, 
reason, and even perform simple manual and men- 
tal tasks may be seriously impaired. This may 
prove to be a serious consequence of long space 
flight. 

|M. GOOOALL, JR.; M. MC tally] 

Exo.biology. The search for extraterrestrial life 
is a major objective of NASA’s planetary program. 
The discovery of an independent evolutionary sys- 
tem would have far-reaching biological and philo- 
sophical consequences. Failure to find other .solar- 
system life, however, would merely shift tlie search 
to planets around oilier stars in our galaxy. 

Centuries of Earth-based astronomy have pro- 
vided no conclusive information about extraterres- 
trial life. The other planets of the Sun apparently 
have environments that would be, at best, inimical 
to Earth life. Microorganisms found on Earth are 
remarkably hardy and adaptable and mijg^t con- 
ceivably survive on Mars, the only other solar- 
system planet with temperatures and an atmosphere 
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remotely conducive to life. The great interest in 
extraterrestrial life has stimulated a broad-based 
NASA program, despite the low probability of posi- 
tive results within the solar system. 

In looking for extraterrestrial life, the necessary 
assumption is that it is like Earth life or ‘‘life as 
we know it,” since othe^w^^e there would be no 
other way to design expeiiments. This means that 
the search involves three attributes: metabolism, 
reproduction, and evolution. The cxpciimental 
efforts are further channeled b) looking for micro- 


organisms rather than macroscopic life forms, be- 
cause Earth microorganisms are abundant, wide- 
spread, and easy to collect and analyze by remote 
control. The endeavors, therefore, involve finding 
an apparatus that will remotely and reliably collect 
surface samples from a planet hundreds of millions 
of kilometers from Earth, perfoim experiments 
with these samples, and telemeter back data that 
can be interpreted to give clear-cut conclusions. 

Most of the proposed experiments do not at- 
tempt to detect tlie experimentally elusive prop- 


Table of experimental instruments 


Experiment* 

Piinnple 

Sigiiificaric r* 

Televihion 

Nidiiori camera transmits pii tines 
of planet and to|K»grapliv 

Detects life foirns, aitifacls, and 
fossils 

Mil lOSIOIM'S 

TiiMisi^s magnify objei t \ idii on i am- 
era tiansmits images 

Detects iniiio-life for iris, artifacts, 
and fossils 

Biohirninesi en< e 

Absorption of light i arises seveial 
biologically sigiufiiant niulci ules 
to fliioiesi <• 

Intensity vs time gives c lues to mole- 
( ule iclf*ntity 

()pli( al ai tivity 

Slain ex (K*ri incuts ( 1- 
liaiid deliM toi ) 

Optic ally a< ti\ e molec ules in solution 
loUite plane ol polar i/ed light, 
which can lie detected and meas- 
111 ed 

f Vrtaiii d>c*s i arise* piolcMiis to absorb 
stiorigl> in the visible; daikeiung 
moasuiod by conventional stns- 
tiometei 

(Iptii alac tivifv in solution is pcsh.ips 
ijni(|iie to liie-assof iated inolc*( ules 

iiiU*iisitY vs timc^ gives c lues to moll - 
c ule identity 

liifiaicd s|)ei Itomctci 

Hi emission oi rc*f1ectioii b> s<imple 
defxmds on stiuc tuio 

Intensity vs time give's c lues to niolc' 

culc identity 

1 itiiiviolet sfjectiomcUM 

1 V radiation is absotlH^d sc*Ich lively 
h> vai toils (C4iU.*is in the molec ule 

fiilf*nsity vs time gives c lues to mole 
c ule idcmtity 

Mass spe< tioinetci 

Abiiiidaiir c's of \ aiious molec ules c an 
lie dc'tec ted 

Abundance vs molec iilai wc*ight oi 
iragmeiits gives clues to original 
sli uc tine 

( 'hi oiniUogi nphs 
(gas and liquid) 

Soiptivc* columns sc*|)<uale compo- 
nents oi pyrolysis product 

Chill ric teiistii s ot components give*H 
clues to original stiiictiire 

Redox potential 

l^lcstrodes in c iiltuie cell ineasiiie 
(KitcMitial difference if leductioii- 
oxidaliou reactions occur 

UcaetiouH and theii poU'ntials can be 
chaiacteristic' of life processes 

I'm bidity 
(>\oll trap) 

Photcx’cll c.in Ik* used to measure 
c'hanges in turbidity of i ulture 
solution 

Increase in tui bidity could indicate 
increasing numbers of organisms, 
and hence growth 

pH ineteis 
(>\olf tiap) 

Meiisuiemeiits with glass electrodes 
will indicate changes in pif 

Changes in jiH with time could indi- 
cate generiition of metabolic pn>d- 
iicts, and hence life 

MctalKilisiii detoitois 
(Giillixer) 

Radioac lively tagged culture fed to 
vimple; any radiotutive CO 2 
c'volved would lx* detected by lietu 
counters 

Evolution of CO 2 could indicate 
metabolism, and hence life 
verse not necessarily true) 

Oxygen intei change 

f^xygen atoms in s.ilts dissolved in 
water should exchange with oxy- 
gen in organisms if enzymes aie 
present; masa sfiectiometer should 
lie able to detect tagged com- 
pounds 

Presenc*e of enzymes would bo posi- 
tive proof of life 


*■ Several of the expeiinienth listed have been combined into a single instrument called the multivftt-oi. 
source: W. R. Corliss, Detecting life in apace, Iniern. ScL TechmL, 37:31, January, 1965. 





Space lligitt 539 


erties of life listed above. They may be classified 
by their basic approach: (1) those that look for 
chemicals that are usually associated with terres- 
trial life (amino acids); (2) those that look 
directly for life forms, remanents of life, or arti- 
facts (animals, fossils, “canals”) ; and (3) those 
that ask whether, given Earth-type nutrients, there 
are chemical reactions like those associated with 
terrestrial life (metabolism). 

In addition to dealing with the usual spacecraft 
interface problems of vibration, electronic cross- 
talk, and thermal environmental control, great caie 
must be taken to prevent Earth-oiigindted micro- 
organisms from contaminating the experiment. 
Equipment sterilization b\ heat ( 1.30"C for 24 hr) 
is usually dictated. To reduce the prohabilitv of 
planetary contamination, the same treatment is 
given the entire spaeecraft. 

Several dozen “life detectors” have h(‘en pio- 
pos«»d. The most important are listed in the table. 
Mo*-! do not merit the name ‘life detector.^' It 
would require a long consistent series of posiii\e 
(U negative results fiom several of the experiments 
listed in the table to ]novide a convincing answer, 
<ine way or the other. The detection «»f life is much 
more elusive than, sa\, measuiing cosmic-ra\ flux. 
Exobiology has great televance in stiuhing the 
most fundamental problem in biologv, origin of life 
and its |)ossible de\elopment in indetteiidenl evt)- 
liitionary systems. [w. it. < okl!Ss| 

Space charge 

The net electric charge within a given volume. If 
both positive and negative charges are 'resi-nt, the 
e charge represents the excess of the total posi- 
tue charge diffused through the volume in question 
o\er the total negative charge. Since cle<’lric field 
lines end on electric charge, the space-charge 
density p mav also be defined in terms of the 
divergence of the electric field E or the Laplacian 
«d the electric potential T bv Poisson’s equation 


4irp 

€ 


— div E 




^ d^V 

dx^ ^ dy^ dz* 


Here c is the dielectric constant of medium 
and jf, y, and z are rectangular coordinates defining 
the position of a point in space. If, under the in- 
fluence of an applied field, the charge carriers ac- 
quire a drift velocity i», the space charge becomes 
i where / is the current density. For current car- 
ried by both positive and negative carriers, sucl^ as 
positive ions and electrons, the space charge den- 
sity is given by 


p - 

Here the subscripts + and — indicate the current 
density and drift velocity for the positive and nega- 
tive carriers, respectively. Thus a relatively small 
^urrent of slow-moving positive ions can neutral- 
ize the space charge of a much larger current of 
iiigh-velocity electrons. See Langmuir-Child law. 

[e. g. ramberg] 


Space flight 

Travel beyond the naturally habitable region of 
the Earth and its atmosphere. Space flight may be 
an orbital flight around the Earth, or it may be a 
more extended journey beyond the Earth into 
space. This article surveys the interaction of en- 
gineering and biological requirements of manned 
*^pace flight. The biological problems of exit and 
reentry are distinct from in-flight problems. Table 
1 summarizes all reported manned space flights 
through March, 1%5. See Space biology. 

Exit and reentry. Tolerable acceleration (g 
loads), tolerable thermal loads, and emergency es- 
cape are of prime com*ern. The solid curve in Fig. 
1 shows the duration of acceleratiiin required at 
various constant g values to reacli an orbital veloc- 
ity of 18.000 mph. The hatched area shows the 
highest g tolerable in human centrifuge experi- 
ments. The best position is King on the baek in a 
seated position with the trunk flexed -forward 25®. 
\ peak tolerance of 22 g w’as demonstrated in 1958 
on the United States Naval centrifuge at Johns- 
vllle, Pu.. using a tight-fitting contoured couch. 
Subjects have tolerated 12 g for 4 min immersed in 
water and using suitable underwater bieathing 
appaiatus on the Aero Medical Laboratory centri- 
liige iit Wright- Patterson AFB. 

Steep angles of reentry exceed the maximum 
toleiable accelerations foi many sectmds. Shallow 
angles of reentry bv no-lift spacecraft produce 
lower peak gs loi longer periods of time, the 
deceleiation remaining within the limits of the 
curve. See Rl•K^TRY. 

Ventilation. The body normally disposes of its 
metabolic heal by vasodilation (in<*reased skin- 
sijifacp blood flow) and by sweating. These mecha- 
nism** require skin ventilation with dry air cooler 
than skin temperature. I'he Ixidy can accept an 
acute exposure of 21 Blu/lt***' before performance 
is seriously impaired. 

Escape. Escape from a space vehicle moving near 
orbital speed during exit or reentry in an escape 
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Table 1. Manned orbital space flights 


Flight 

Tnke-oir 

date 

Crew 

No. of 
orliits 

Retnarks 

Vostok / 

Apr. *61 

Y. A. Gagarin 

1 

1st manned orbital flight 

Vostok // 

Aug. ’61 

G. S. Titov 

17 

Some motion sickness reported 

MA-6 

Feb. ’62 

J. H. Glenn 

3 

ls( Mercury manned orbital flight 

MA^7 

May ’62 

M. .S. Carpontor 

3 

Successful manual control of retro- 
fire 

Vostok m 

Aug. ’62 

A. C. Nikolayov 

64 

Comprehensive biomedical moni- 
toring 

Vostok IV 

Aug. ’62 

P. K. Pnpovich 

48 

Orbited within 6.5 km of Vostok III 

MA-8 

Oct. ’62 

W. M. Seliirra 

6 

Siic!cessful flight 

MA-9 

May ’63 

L. (1. (-otiper 

22 

i-ast Mercury flight, manual re- 
entry 

Vostok V 

Juno *63 

V. F. Bykovsky 

81 

Isi of paired flights 

Vostok VI 

Juno ’63 

V. W IVroshkova 

48 

1st woman <‘osmonaut 

Voskhod I 

Oct. ’64 

V. M. Komarov 

K. P. Feoktislov 

B. B. Yogorov 

16 

1st niiiltimanned space.ship, orbiting 
lalmratory 

Voskhod II 

Mar. ’65 

P. I. Bclyuyov 
\. Loemov 

17 

Ist egrc'is of cosmonaut from orbit- 
ing spaceship 

Gemini 3 

Mar. ’65 

V. I. Gri.ssoin 

J. W. Young 

3 

Jst orbital transfer inuneiiver 

Gemini 4 

Juno ’65 

J. A. McDivitt 

E. 11. Whito 

62 

Use of propulsion gun to give pilot 
maneuverability outside spaceship 

Gemini 5 

Aug. *65 

L. (r, (’ooper 

r. Conrad 

J20 

Proved man can live in space Jong 
enough to fly to Moon and back 


sysiem presents nil the problems for which the 
primary vehicle is designed. For simple one-man 
vehicles, such as Project Mercury, only a duplicate 
of the original capsule would suffice for emergency 
reentry. In such cases, the only protection is reli- 
ability. Kseape throughout the exit phase «:an be 
provided, as in Project Mercury, by means of 
<?mergency rocket separation of the manned cap- 
sule portion fnim the booster rockets in the event 
of booster failure. Separate escape units, probably 
modeled after the Mercury capsule, would be re- 
quired for an escape from orbit. 

In-flight. Cabin design is determined by in-flight 
biomedical factors, including the sealed-cabin at- 
mosphere, psychic factors, nutrition and waste, 
weightlessness, radiation hazards, and emergency 
protection. Psychic factors include isolation- 
confinement reactions and the work-rest cycle. 
Particularly on solo missions which explore the 
utmost range attainable, human reactions to isola- 
tion will be a major problem. The sense of be- 
longing to the community c»f mankind versus a 
sense of identification with the emptiness and in- 
comprehensible vastness of space is enhanced by 
communications available with other men, visi- 
bility outside the life compartment, its interior 
design, and the intensity of interest and the activ- 
ity level realized from exploring the new region. 
The work-rest cycle was studied by G, Hauty in 


a space cabin simulator. Days divided evenly into 
three work and three rest periods permit higher 
total performance than a more normal 12-hour 
work and 12-hour rest period per day. 

Oxygen. The atmosphere in a sealed space cabin 
must provide a pressure of at least 150 mm Hg ])02 
(partial pressure of oxygen). This corresponds to 
the Earth’s atmosphere at 2600 m or breathing 
300% oxygen at 12,600 m. The extra gas in the 
Earth’s atmosphere is 79% inert nitrogen. 

There is no known requirement for nitrogen in 
inspired air. It can produce bends after loss of 
cabin pressure if the initial cabin (pressure) alti- 
tude is below 8300 m. Helium is theoretically 
preferable in this decompression situation and has 
no known toxicity, but needs to be studied more 
fully. See Dgcompkession illness. 

The percentage of gas constituents in a truly 
sealed cabin atmosphere remains constant if pure 
oxygen is supplied to replace the oxygen metab- 
olized. The carbon dioxide produced metabolically 
must also be eliminated physically by an absorber 
or other means (Fig. 2). The selection of a cabiu 
pressure between the surface atmospheric one of 
760 mm Hg and the 12,600-ro one of pure oxyg®® 
at 252 mm Hg will depend on the objectives ond 
mission profile of the space flight. 

In a 1963 USAF Sohool of Aerospace Medicine 
study, four volunteers exposed for 17 days to s» 





owgrn dtnios|)h('ie* iiitiogen) at 1S2 

mm }Tg prps'^uie had no st*iioiis diflit ultio^. tout 
ntlur vuliintons, afie^r ‘iO days in an owf^en at 
ino''ph€‘ir of 2'ift mm fift pifSKUM, had onU minor 
^Miiptonis ol eai hloi kd{i<* and nasal i onjjpstioii 
All Men nT> and (#eininJ flights drsipicd to 
pio\ide dll o\>gen dlmosphfrr of 2()'> trim ITf; » 
atinosphotir) piossiirr. All Vostok fll{i;hls piovtdod 
a sea-level equivalent atmosphere 

Nourishment. The < alorit requirements for an 
astronaut will averape elose to dOOO t doiies da>. 
(’osnn»nauts on \ostok fliphts had hetwein 2690 
and 2730 ealories available «-a( h 24 hr for eon- 
sumption in f(»ur meals. For a few days, this can 
he almost exclusively liiph-enerpy, low-hulk cui- 
hohydrate foods. For loiipei missions, a c ompletelv 
halaneed protein-fat-earhoh>diate diet with neces- 
sai\ vitamins and niineials will he lequited, D. 
Keller has metieulously analyzed daily melaliolie 
lequiiements, inehidinp stoiape c'ontaineis and 
ueeessary hardwaie. His \ allies in the table do not 
include weight for temperature c ontrol of ihc’ 
<dhin. See Food; NuiinnoN. , 

It eosts as much in weight to rtmiove* the meta- 
holie hv produets as it does to supply needs. Watei 
Is relatively simple to recycle; so doing may save 
10 Ib/day. not intliiding the additional weight for 
the simple apparatus required. 

Recycling of oxygen would reduce the daily 
supply and absorption weight requirement *by 


Table 2, Daily metabolic requirements, lb 



Mntnliolic 

Rcdalod 


supply 

support 


2.0 


Brinking and wash water 

4 5 

5-10 

•Jiy food 

J'B? and H 2 O absorption 
t fine and feral storage 

1.3 

10-15 


3-5 

Total 

Ti 

18-30 
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more than one-third, not counting the weight of the 
more complicated processing equipment. The 
oxygen ran be recovered from carl3on dioxide by 
algae, bacteria, plants, catalysts, or a chemical 
system. AH these recovery systems require con- 
siderable power. Water recycling is used routinely 
on simulated space flight experiments at the 
School c»f Aerospace Medicine, An experimental 
algae oxygen-recycling system in 1961 success- 
fully sustained a human suhjec t. Neilhei has yet 
been used on manned space flights. 

A completely lecyrled system including nutri- 
tional elements is more complicated and may well 
rc(|ujrc animal intermediates. su<*h as insects, to 
hdlance all portions of the cycle adequately. 

Weightlessness. On short space flights of less 
than 24 hr, weightlessness is expected to present 
no serious prohh^m. On loiig«»r fliglits, however, it 
will contribute to the type of psychic stress im- 
posed I)\ the hazards ol the situation, isolation, 
and ( onfinement. Man> experimenters have found 
iiciiiomtisrular coordination only slightly im- 
paiicd; corrections arc quickly learnc*d. Bv pro- 
viding i space diet in toothpaste tubes and licpiids 
in plastic squc'cve bottles, feeding will he no pioh- 
Icni Visual clues will he suffiiieiit to establish 
orientation with no difliciilty The longer Vostok 
flights ///. n , r, and n. and Cooper’s 4-9 
flight revealed postflight phv siologit^al changes of 
df'conditioning which retiuned to noinial in a few 
days. Research conducted by I.. Lamb in 1%3 and 
1%4 at the Scdiool of Aerospace Medicine empha- 
si/c*d the significant contribution of restricted 
activity to this deconditioning. It has not seriously 
impaiic'd tolerance to leentiy stresses in the flights 
made to dale. See WnoH rLFssNi ss. 

Biomedical monitoring. Vostok flights ///. IV, V, 
and I I inc hided measures of the cosmonauts’ res- 
piiation and the electrical activitv of their heart, 
hiain, e\e. and skin. Voshhod I included heart 
\ibiations and hand-motion and hand-motor co- 
ordination measures of all three cosmonauts. The 
USAF School of Aerospace Medicine has devel- 
oped autcmiatcd c'omputcr cfuantification of many 
of these hiomedically monitorc'd measures. 

Radiation. The risk fropi both the radiation of a 
nuclear rocket engine and ambient space radiations 
is significant. In orbit flight, the conservative, done 
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540Jb Space navigation and guidance 

rate of 0.3 roentgens/week will be exceeded. In 
high-risk space flight missions, the absolute maxi- 
mum acute dose would be about 200 rep (roent- 
gen equivalent, physical), which may produce ap- 
parently reversible radiation illness. The shield 
calculated for a 4S,500-kg-thrust nuclear rocket 
engine reciuired for a three-man crew located 30 m 
from the engine weighed ti600 kg. The calculated 
exposure was 10 rep for 5 min of reactor opera- 
tion. See Nuclear rocket; Radiation injury 
(biology). 

Space radiations are considt^red under three 
types: (1) local planetary. (2) solar, and (3) ga- 
lactic (see Fig. 3). 

The Van Allen radiation belts present a mixed 
blessing. They consist of electrons and protons 
believed to be trapped solar and galactic radiation. 
They shield low-Earth orbit vehicles from solar 
flares. The radiation intensity within the 500- 
10,000-km zone forbids extended stays in that 
region without prohibitive shield weights. To ven- 
tun? beyond .*>00 km requires thrust to go above 
10,000 km. Exposure accumulated by a crew mem- 
ber during sevcjral minutes of transit is not ex- 
pected to be harmful, but will contribute signifi- 
cantly to his total dose. See Van Allen radiation. 

(riant solar flares o<'cur without warning during 
a<*tive periods of the sunspot <‘ycle. These are 
clearly a radiation hazard beyond the Van Allen 
belts. Flares produce a strong proton flux through 
a spec'trum of energy extending to 20 or 30 Rev 
energy. A single flare may continue to he a hazard 
for 12-18 hr. 

Galactic cosmic radiation produces a unique, 
partly investigated pattern of radiation in tissue. 
Exposures of a few days in the region of the Earth 
apparently represent no health hazard, partly be- 
cause of the shielding effect of the Earth’s mag- 
netic field. Effects are unknown if exposure extends 
to 1 month or more. Intensity of exposure is likely 
to increase significantly as astronauts explore re- 
moter regions of the solar system (apprua<'iiing the 
orbit of Mars), particularly during periods of low 
solar activity. The radiation dose rate measured on 
the first six Vostok flights ranged from 8.4 to 17 
mrad/24 hr. Bykovsky accumulated the maximum 
reporled dose of 81 iiirad on his 119-hr flight, well 
within a tolerable range. See Cosmic: rays. 

Cabin puncture. The most serious emergency 
likely to occur is sudden loss of cabin pressure. 
The rapidity of such a decompression depends 
upon the volume of the cabin, the area of leak 
orifice, and the cabin pressure. A 2800-dm^ cabin 
sustaining a 2.5-cm-diameter hole would leak from 
a normal pressure of 280 mm Hg to 140 mm Hg in 
10 sec. Estimates indicate that in space .such a 
hole might be expected in a .06-mm-thick stain- 
less-steel cabin wall of 93-m- area approximately 
once per year. 

When a pure-oxygen atmosphere drops below 
140 min Hg pressure (approximately 40,000 ft), 
the astronaut is exposed to fatal hypoxia. If the 
pressure drops below 34 mm Hg (70,000 ft), 
embolism with swelling of surface and internal 


tissues may result. One possible solution is an 
emergency chamber or bag into which the astro- 
naut can seal himself within a few seconds and 
then, once in.side, can don an emergency pressure 
suit. On Mercury and Gemini flights, the astronauts 
wore a closed pressure suit providing full protec- 
tion from this hazard. On the Voskhod flights, the 
cosmonauts apparently wore no such garments, 
staking their lives on the reliability of the space- 
ship and the remoteness of a significant meteorite 
impact. See Interplanetary propulsion. 

[d. g. Simons] 

Bibliography. A. C. Qarke, Interplanetary 
Flighty 1960; .1. S. H^nrahan, Space Biology^ 
1960; W. Ley, Rockets^ hHssiles and Space Travel^ 
rev. ed., 1961; Mercury Project Summary^ NASA 
SP-45, 1963. 

Space navigation and guidance 

The determination of the position and velocity of a 
spare vehicle relative to a given frame of reference 
(navigation), and. based upon this information, 
the calculation and execution of c<)rreclive maneu- 
vers which will cause the mission objectives ulti- 
mately to be achieved (guidance ) . 

Orbit constants. The orbit (path in space) of a 
space vehicle can be ileterininecl for all ^inie if 
certain defining constant s are known, such as 
tion and velocity at some arbitrarv initial time and 
those parameters which describe the disturliing 
accelcratiog^i acting after the initial time. Space 
navigation can therefore be thought of as the task 
of determining such a set of orbit constants. This 
information can be inferred from a series of celes- 
tial observations taken from the spacecraft, such 
as angles measured between certain stars and 
planets, or from earth-based radio (racking data, 
such as the radial speed of the spaciicrafl meas- 
ured by the Doppler shift, or from integrated ac- 
(•eleration data as measured by accelerometers, or 
from any combination of these. The on-board data 
can be obtained by an astronaut, by automatic 
equipment, or by both these sources. The unknown 
orbit constants can only be estimated from the 
navigation data, because the desired information 
will be contaminated with spurious measurement 
noise. The estimation procedure is usually carried 
oiil in such a way as to minjmj/.e the square of the 
error in the estimate (minimum variance estima- 
tion). See Space probe. 

Guidance correction. The constants of the orbit 
obtained by solving the navigation problem allow 
the future motion of the space vehicle to be pre- 
dicted. If the predicted and desired results do not 
correspond with sufficient precision, a guidance 
correction must be calculated and executed. For 
example, if the mission objective is to pass within 
1000 miles of the planet Venus and if the naviga- 
tion information indicates that the spacecraft will 
miss the planet by 10,000 miles, the spacecraft 
must be maneuvered so as to reduce the predicted 
target error to the desired value. The guidance 
correction might cons^t of a velocity impulse im- 
parted by a rocket engine that accelerates 
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spacecraft for a abort duration of time (guidance 
during a coast period) ; or, if the guidance is to be 
applied while tbe vehicle is already being acceler- 
ated by a rocket engine (powered flight guidance), 
the correction might be accomplished by slightly 
varying the direction of the thiust vector, by vary- 
ing the time of thrust termination, or both. In 
either case, the propel direction for pointing the 
rocket thrust vectoi and the duration of the thrust- 
ing interval are calculated from the navigation in- 
formation. It is usually necessary to employ a 
rather sophisticated digital (‘omfuiting machine in 
order to accomplish the navigation and guidance 
(alculations with sufficient accuracy. The compu 
tations can be performed on the Edith and the 
required commands then transmitted to the space- 
(raft, or they can be aci'omplished on board the 
spaced afl (self-contained guidance). 

The directional refeience for pointing the thfust 
\cctoi is piovided by g\ rose opes within the space- 
(laft, eithei mounted on an inertially fixed plat- 
form or “stiapped down’' to the vehicle itself. The 
tHiinting of the loiket thiust vectoi is accom- 
plisimd by sending the appropiiate commands to 
the vehicle attitude-control system. Thrust is 
tciininated after a commanded time intetval, as 
inc'dsiirccl by a timc'r. oi whdi the integiatc'd ac- 
(^Iciation as measiiied b> a< c eleromeleis leaches 
a ( omrnandc'd value fc . c. pi i ii n ul 

Ihbliof^ntphy: K 11 Battin. istionautu ul Quid 
ann , 1%4; R. Deiitsih, Orbital Dynamifs of 
Spaa Vehitlrs, 1961: T. W. Hamilton el al.. The 
Ranfier-i Flight Path and Its Determination from 
Tear king Data, lechnical Report 32-.*11sS, let Pro- 
pulsion 1 ahoratorv, 1962: ARM. Noton, E. 
Cutting, and F, Barnes. Analysis of Radio com- 
mand Midiourse Guidame, Technical Memor co- 
diim 32-28, .let Piopulsion Taboialory, 195^>; 
C Cf. Pfeiffer, Guidance analysi*- in C. Leondes 
and R. W. Vance (cds ), Lunar Missions and Ex- 
plorations, 1964. 

Space power systems 

An on-boaid assemblage of equipment to geiieialf 
and disttibiite electrical eneigy on satellites and 
spacecraft. A leliable souice of elet trical^ power is 
needed bv the on-boaid equipment andinstrumen- 
tJlion during post-Igunch stages. Howevei, electri- 
cal propulsion systems that utilize electrostatic or 
electromagnetic units will require more powei 
than that needed for instrumentation. *S>e Tnilr- 
I’f AN! 1 ARY PROPULSION. 

Relevant factors involved in design inchide 
‘ 1 1 electrical power mission requirements, includ- 
ing buch considerations as regulation, pulses, and 
lifetimes; and (2) effects of environmental fea- 
tures unique to the operation, such as lack of 
Riaviiy, radiation (corpusculai and electromag- 
netic), meteoroid environment, and limitations im- 
posed by radiative heat transfer. 

The interdiRciplinary technology ot space power 
systems is playing an increasingly important and 
pacing role in determining the capabilities of 
*>pacecraft and satellites to perform more sophisti- 
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Fig. 1. A portion of the Mariner solar panel. Four 
panels are used on vehicle. 

< fited. comprehensive missions. 

Space vehicle power plants. Operating experi- 

eiifc with photovoltaic power svstems gt power 
levels up li> 610 watts, with and without ele<*lro- 
(liemual stoiage, has been acquired in over 200 
satellite and spaic probe vehicles. Photovoltaic 
powei systems will continue to be the maior en- 
ergy source in space foi appli''ation** lasting into 
theeaily 1970s. 

A mapir c*ompelitor at lowei power levels for 
photovoltaics is the ladiojsotope-thermoelei trie 
power system (RT(f). Seveial SNAP 3 units, with 
powei output langing from 2.7 to 4 watts, and 
SNAP 9A units producing 2S watts have been 
launched and have demonstrated extremely leli- 
able ofieiation. 

Dining the next few years photovo1t«iic , radio- 
isotope-lhermoelectiic. and fuel cells and batteries 
will continue to be used in apace. A SNAP lOA 
reactor system has i cached the flight stage, and 
theie is a continuing effort of leseaich and devel- 
opment in othei ma|or types of power systems. 
However, no othei major type of powei system is 
anlM ipated before 1968 70. 

Photovoltaic panels. The c mrent state of the art 
in orientc'd photovoltaic panels is typified by the 
Maiiner panel (see Fig. 1), which provides 9.4 
watts /sq ft over an 18-sq-ft area and weighs 21 lb, 
including 5 lb fur cells and filters. 13 lb for the 
panel and suppoiting framework, and 3 lb for 
other mechanisms. It uses photovoltaic cells rated 
al 12.5% efficiency on Earth. Panel efficiency in 
Earth-space is about 9.5% because of the spectral 
shift of solar radiation above the Earth*.s atmos- 
phere, thermal effects, filter losses, and other fac- 
tors. The panel uses an aluminum truss structure 
with stiffened skin composed entirely of aluminum 
foil molded and bonded in appropriate shapes. See 
Photo\oltaic cell; Photovoltaic ei-fect. 

For interplanetary probe missions and some 
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satellite missions, a large amount of power is re- 
quired. Considerable emphasis is being placed on 
the design and flight of lightweight structures to 
provide panels of multikilowatt capability at spe- 
cific weights as low as 50 Ib/kw. It is expected that 
many different kinds of structures will be tried, 
including plastic panels capable of being rolled up 
and then unfurled in space, unfolding accordion- 
like structures, and other techniques. 

Radiation environment. It has been found that 
the phosphorous-diffused n-p cells are much supe- 
rior in radiation resistance, and this type has been 
used more than the p-n variety. Electrical perform- 
ance of both types of cells is comparable. Bare 
solar cells of any type cannot be flown on long-life 
missions. Six mils of cover glass appears to be a 
practical minimum from the standpoint of protec- 
tion of energetic particles and the handling of the 
cover slips during array construction. Gallium ar- 
senide, the nearest competitor to silicon, has been 
developed in small-quantity lots showing efficien- 
cies around air mass one. A few cells have 

exceeded lO-ll^J- in ground sunlight. Though 
gallium arsenide cells with 6 mils of cover glass are 
more radiation resistant and have better tempera- 
ture properties than silicon cells, in 1%5 they were 
only available in limited quantity at a very high 
cost and in small sizes. 

Fabrication, 'rhin-film solar cells, made by 
evaporation of cadmium sulfide and cadmium tel- 
luride, have shown sunlight efficiencies of 4 5% 
in small areas (1 cnrM, but only 1-2^; in large 
areas (6 cm*). Other materials are still in a primi- 
tive state of development: however, efforls arc be- 
ing made to develop lightweight, low-cost cells 
with new material. 

Several types of systems using reflectors with 
photovoltaic panels have been assembled. The use 
of concentrators increases the power output per 
cell because of increased illumination. Prelimi- 
nary results indicate that concentrating panels can 
be assembled which, for the same power output, are 
slightly greater in area, c.fimparable in weight, and 
somewhat reduced in cost. The major problem area 
to be resolved is the degradation of the reflective 
surface in space. 

Considerably more understanding has been ac- 
quired in the ele<‘trica] design of photovoltaic 
power systems and the use of battery charger- 
controller devices, voltage regulators, and other 
electronics. The electronic efficiency of the power 
system is typically 60-80'^?. depending on the 
number of outputs required, and will be typically 
20 40% of the solar panel weight. 

Batteries, Work on nickel cadmium batteries for 
photovoltaic system energy storage has increased 
their efficiency, allowable discharge depth, charg- 
ing rate, and ability to withstand higher tempera- 
ture reliably over many thousands of cycles. Ten 
thousand cycles of life, that is, charge and dis- 
charge, has been demonstrated on several units at 
an effective 1 watt-hr,/lh. Comprehensive lest pro- 
grams have been under way for several years, and 


much more is understood about the mechanisms of 
battery failure and limitations on use. Sealed sil- 
ver cadmium batteries have demonstrated cycle 
lives of over 5000 and have been scheduled to be 
used in satellite programs. The silver cadmium 
batteries provide an effective 10 watt-hr,/lb. 

A third electrode has been introduced in second- 
ary batteries. These are usually connected to the 
cadmium electrode. They permit a much higher 
rate of charging than has been possible heretofore. 
The auxiliary electrode can be used for either 
sharply controlling the cutoff, for charging, or 
simply as a gas recombination device that avoids 
the danger of excess pre^ssures being built up. The 
third electrode is being' adapted both in nickel 
cadmium and silver cadmium systems. See Battkry 
(klectric) ; Primary battery. 

Fuel cells. Two major efforts in primary fuel 
cells are the modified Bacon hydrox cell, devel- 
oped for the Apollo and the Lunar Excursion 
Module (LEM), and the ion-exchange membrane 
hydrox ceJl, developed for Project Gemini. As an 
example of the state of the art, the Gemini fuel 
cell life is about 2000 hr. provides an energy 
efficiency on the order of 60%., and provides a power 
output of 1-1.5 kw at a specific weight of 14.6 
walts/lb. The Gemini fuel cell was flown in 1965. 

Advances in fuel cells will concentrate on higher 
power levels, reliable mechanisms for removal of 
heat, high fuel efficiency, and related areas. For 
long-term .f^pplication, weights of 1 1.5 Ib 'kwhr 
appear possible. See Fuel cell. 

Thermoelectricity and thermionics. A signifi- 
cant gain in the thermoelectric area has been the 
demonstrated reliability of the lead lelliiride llier- 
inoelements used in the SNAP units. One disadvan- 
tage is the need for a pressurized container to 
avoid stability problem.s. Germanium-silicon, al- 
though its thermoelectric properties below 500®C 
are not as good as those of lead telluride. is both 
physically and chemically much more stable than 
other semiconductors at high temperatures and 



Fig, 2. Solar-thermionic system showing, 5 ft cencan- 
trator, generator suppqft ormt, Sind geneisitor modal* 


low presisures and will be substituted for it in 
future SNAP units. See Thermoelectricity. 

Despite high material efficiencies, realization of 
high system efficiencies above 4-5% has not been 
obtainable because of junction and contact losses, 
thermal heat shunting around thermo(‘oiip1e legs, 
and so on. Furthermore, the concept of multistage 
devices utilizing different materials in their opti- 
mum temperature range of operation has so far 
proven impractical because of thermal and elec- 
trical impedance mismatches and physi(‘a1 and 
mechanical incompatibility in materials. 

In thermionics, power densities of 25 watts /cm- 
at emitter temperatures of 17()0“C have been ob- 
tained with hardware which is suitable for flight. 
(fCnerator efficiency of has been demonstrated 
in solar tests. Flight-worthy, high-teinperature 
(‘csium diodes have demonstrated efficiencies of 
20'^, whereas a genet atoi. cmisisting oi many con- 
\citeis, may demonstrate efficiencies up to 
Iligh-tempcraturc life has been demonstrated be- 
\<uid the 5()00-hr level. Also, preproduction pro- 
grams have been established which clearl\ define 
the nidnufactiiring procedures for thermionic 
diodes. The first application «»f thcrmionics in 
•'pare will jirobablv be in solar-thermionic sys- 
tems; Fig. 2 shown a protol\pe 5- It s\ntein. S\stem 
‘pecific weights of 50 100 lb kw arc predicted 
iiccir Earth. .See THtHMioNir lmissuin. 

Dynamic energy conversion. The ()dst lew years 
have seen considerable redirection in the dynamic 
ciieigv conversion field. Dynamic systems ranging 
horn 500 watts to several megawatts are in various 
niagcs of inv(‘siigation. Endurance time ranges 
Ironi about 15 minutes for cbemical'y powered 
units to seyeral >ears lor solar and nmdear power 
''ynteins are under investigation. 

Among the long duration systems, only Kankine 
tuil)ines using inercurv as a working fluid can be 
a\ailablc before 1070 73. The Bray ton cy< le, using 
inert gas as a working fluid, is being evaluated as 
a closed system where long duration corrosion is 
(liminuted. The Bruy ton cycle has received con- 
*'ideiably more interest since revisc'd meteoroid 
damage estimates have indicated that radiato' 
weights can be considerably reduced below pre- 
\ious estimates. Recent lifetime ac'bievemcnts 
include a 3-kw mereurv turbine operating for 
n\er 1000 hr, a 2000-hr life run of a hot potas 
dum loop, a set of journal and ihiust bearings 
iiihiicated with mercury operating for over 8000 
hr in a 3-kw system, and a 700-hr run of an e\- 
pciiinenlal potassium lubricated bearing. See 
BuwroN cycle; Ton propuision; Rankinf. 
^ ycle. 

Solar power. Many types of solar concentrators 
being developed for space applications, includ- 
ing mechanically unfolded petal arrangements 
made of aluminum honeycomb and clectndormed 
‘'truclures, one-piece rigid mirrors made by several 
deposition techniques, and others. For high effi- 
ciency and accuracy, metal concentrators are be- 
ing eniplmsized iri contiast to flexible techniques 
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that feature the use of cloth or aluminized plastic 
made rigid by pressurization. Highly accurate 5-ft 
electroformed nickel concentrators have been 
made demonstrating weights of about 1 Ib/sq ft. 
Rigid mirrors up to 10 ft in diameter have been 
electroformed. Five- foot stretch-formed aluminum 
com*entiators are available which demonstrate low 
surface accuracies but lighter weight than the 
electroformed concentrators. Weights on the or- 
der of ().3-0.5 Ib/ft'* are expected in the near fu- 
ture. The only active large-area solar concentrator 
program is the ASTEC concentrator, 52 ft in di- 
ametet, which will be made of a number of petals. 
The ASTEC fabiicalion technique is essentially 
established. Major problem areas are weight, the 
ability to fold and pack<ige in a practical vehicle, 
and the demonstrated ability of the c*oncentrator 
surface to withstand the enviionment of space. 
.See Solar batiiry; Solar engine. 

Nuclear power systems. Nuclear power systems 
eneoinpass radioisotope and nuclear reactor eii- 
eigy sources in conjunction with iheimoelectrlc, 
thermionic, or dynamic energy converters. 

Over .30,000 hr of successful operation of radio- 
isotope systems at lower power (2-5 w'atls) have 
been logged in space. In 1%3 a 25-watt, plutonium- 
fueled thermoelectric generator was flown exhibit- 
ing a power-weight ratio of 1 walt/lb. Lifetime 
is c^htimatc^d to be over two years. Other high- 
powcT units uie under development; power level 
is limited by the availability of fuel and its cost. 
See Ni»f LI vr bami ry. 

The first marriage of a radioisotope heat source 
to a thermionic c’onversjon unit will be the SNAP 
1.3 unit, scheduled for use in 1%7 68. The unit 
employs ciiiiuni-21'2 and is designed to produce 
12.5 watts at a systi*m wndght of 4.5 lb. This sy.stem 
offcis the t)romise of high power-weight ratio; cur- 
rent prol)lcnis aie thermionic diode life, the abil- 
ilv of the* fuel source to obtain high temperatures 
icliablv. and the shiedding problem. 

SNAP lOA consists of a eompaet metal-hydride 
fuel moderator reactor utilizing liquid NAK as a 
coolant, coupled to a thermcjcouple system produc- 
ing 500 watts of electricity. System weight is about 
650 lb unshielded. The thermoelectric elements are 
germanium-silicon rated lOOO'^F. The now-canceled 
SNAP 2 concept utilized the same reactor as 
SNAP lOA. It would have had a more efficient 
mercury-vapor turbine generator power conversion 
system. At an electiical output of 3 kw. the system 
unshielded weight would have been almut 1200 lb. 

Manv studie.s related to the development of 
higher-powered nuclear power systems have been 
initiated. The concept study for the SPUR (or 
.SNAP 50) 3.50-kw system is a 2000®F fast reactor 
cooled with a liquid alkali metal such as lithium. 
The power conversion would be accomplished by 
means of a turbogenerator operating at high tem- 
peratures and using alkali metal vapors such as 
potassium. System weights on the order of 15 lb/ 
kw are expected, and availability is anticipated in 
1970-75. * [w. R. menetrey] 
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Space probe 

A rocket system designed specifically for flight 
missions to other planets, the Moon, and into deep 
space, as distinguished from Earth-orbiting probes 
(see Satellite, artificial). The use of the 
space probe is primarily scientific, and the pay 
load is designed to explore planetary geography, 
geodesy, atmospheric physics, exobiology (exis- 
tence of extraterrestrial life), and the particle 
and field en\ironmenl. Instruments carried are 
cosmic-ray telescopes, plasma detectors, magne- 
tometers, and sometimes neutral gas detectors, as 
well as micrometeor diaphragms. 

The spacecraft is a self-contained automatic 
device with a self-sustaining power generation sys- 
tern deriving energy from the sun or a nuclear 
power reactor, converting it to usable form, and 
distributing electricity to the various electronic 
subsystems. The other subsystems of the space- 
craft are communication, which includes command 
receivers, data encoder and tran*'mitter, and an- 
tennas; attitude control, which may be passive, 
that is, spin angular momentum or solar pressure 
vanes; a fiame or stiucture which must maintain 
its integrity throughout the mission; and a thei- 
mal control system to pnnidc the proper operating 
temperatures in the spa( ec raft interior. 

Sometimes a propulsive system is included to 
allow velocity trim to be catried out by earth (om- 
mand, especially in spacecraft for missions to the 
planets (see iNriRCLANH ary propui sign ) . The 
space probe is then a self-contained entity capa- 
ble of operating foi long periods of time and of 
returning a continuous scientific log as well as a 
status report of its opeiation. On-boaid data stor- 
ing, buffeiing, and processing equipment is somc- 



Fig 1. Manner IV (Mors) spocecroft. iSpaee/Aero- 
nautics) 


Table 1. Summary of auccaasful space probaa (excluding 
lunar apacacrafi) 


Designation 

Name 

Launch daU* 



Pioneer / 

Oct. 

11. 

— 

Pioneer IV 

Mar 

3, 1959 

1960 Alpha 

Pioneer V 

Mai 

11, I960 

1961 (lamma 1 

(Venus probe) 

Feb 

12, 1961 

— 

Mariner II 

Aug 

27, 1962 


Manner IV 

Nov 

28. 1%4 


times included to piepare data for optimum trans- 
mission. 

The earliest successful United States deep space 
probe was Pioneer V ib 1960. Table 1 sutnmari7es 
some of the successful United States space probes. 
More recent launches have seen the beginning of 
planetary exploration (Manner II and Mariner 
IV). Mariner IV (see Fig 1) represents an ad 
vanced type of planetary spaced aft. Launched in 
late 1964, this spacecraft ai lived in the vicinity 
of Mars some eight months lalei. The vehicle in- 
cluded solai pressure vanes for oiicntation, a Iwo- 
way coherent radio link, and a numbei oi experi- 
ments designed for planetary and inteiiilanetaiv 
exploiation. It measured the magnetic field and 
atmospheie of Mars and took pic tines of Mars'*- 
surfacc from an altitude of 5700 miles. » 

Interplanetary spacecraft ate somewhat simplei 
in a relative* sense, though complexity is neverthe 
less an important characteristic of their design 
Such vehicles need not be fitted with mid-c’oiirse 
piopulsion. and the system opeiates in only an in 
terplanc*taiv mode. 

Orbits. For simplicity of discussion, oibits un 
be categorired into four general cases, though in 
leality, where the perturbations of the planets aic 
tdkem into account, they are all treated in niiineri 
c*al computation as a many-bodied problem Most 
simply, the lunar transfer orbit can be taken as a 
restricted three-body problem where the space- 
craft mass is trivial. Interplanetaiy orbits aie 
elliptic with minor perturbations resulting fioni 
certain planets. Planetary tiajectoiie? are the 
most complicated, as they usually involve mi<l 
course propulsive maneuver coirections and must 
be designed spec ifically with regard to the type of 
encounter. The reason is that the teiminal velocitv 
vector defines the atmospheric entry conditions, or 
in the case of near miss, the impact parameter, 
lighting conditions available on the planetary disk, 
and so forth. 

The final velocity and position attained by a 
specific booster determine the interplanetary or- 
bit of a spacecraft. Since the Earth’s orbit plane 
is almost invariably tilled with respect to that ol 
the target planet, it is usually necessary to launch 
the spacecraft with a component of velocity out of 
the ecliptic. Very special exceptions take pla«^® 
when the target planet orbit plane-ecliptic line of 
nodes is coincident with the target arrival date of 
the spacecraft. Such events occur at infrequent 
intervals, but when available, decrease the energy 
and guidance accuracy requirement since the 



launch is into the ecliptic plane. Such a condition 
existed for the Venus launch opportunity in 1959. 
Generally, the energy requirement involved is so 
great that only very restricted times are available 
for planetary launches. Such times are called win- 
dows, and even then the required velocit> is a 
function of launch time. Figure 2 shows the veloc- 
ity in units of energy ^mass for injecthm int<i a 
transfer orbit to Venus for 1%2 and 1964. The lat- 
ter case is considerably less advantageous because 
of the required increased (‘omponent of vclocit> 
out of the ecliptic. Thus, a minimum-energy orbit 
is a unique minimum for each window. 

Ascent Trajectory. An important constraint upon 
the final available energv is the manner in which a 



Fig. 2. Mariner 1962 and 1964 Venus minimum 
energy for injection into interplanetary orbit shown in 
units of twice total energy /mass versus launch date. 
These graphs satisfy requirement that radius vectors 
to the Sun between launch and encounter make on 
angle of less than 180^. (JPL/NASA) 
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spacecraft is boosted into orbit. For example, the 
best available launch site for planetary-interplane- 
tary flight in the United States is Cape Kennedy, 
Fla. This location is favored because it makes 
good use of the rotation of the Earth to add veloc- 
ity. Even for this site, it is seen upon examination 
that the component of Earth velocity available is 
Ve sin where F, is the surface velocity of the 
Earth at Cape Kennedy and ^ the compass head- 
ing. Thus, a firing due east would maximize the 
added velocity. However, only when F, sin ^ is 
also paiallel to the desired interplanetary orbit 
can this maximum value be realized. This happens 
twice per day, but unless the Earth's axis is also 
tilted correctly, the maximum increment of Earth 
velocitv to be gained still cannot be utilized. Since 
the time* of day and seasonal tilt of the Earth's axis 
aie both critical to this problem, these factors be- 
come important constraints. 

There is a means foi increasing the Eaith-added 
velocitv when the launc*hing system is capable of 
being started twice, lypicallv. in configui aliens 
utilizing an Agena or other advanced upper stage, 
the burning pc*riod is followed by a time of free 
coasting during whii'h the rocket is reoriented. At 
a piec'iselv determined time the rocket is restarted 
so as to give a veloc'itv increment in the proper 
direction. Since the rocket is essentially free of 
the Earth, this vector nny be in an arbitrary direc- 
tion. By this means some of the loss incurred by 
not having all of Fi available is recouped. Figure 
2 shows a set of interplanetary injection energies 
for a typical launch using an Agena upper stage 
Irom Cape Kennedy for Venus for both 1962 and 
1%4. Additional constraints such as range safety 
and downrange communication are not discussed 
here; the extent of azimuthal firing lane shown in 
Fig. 4 is a result of these. 

Additional (constraints ution planetary trajec- 
torv shaping come from reliability and communi- 
cation lecjuirements. The lime of flight is altered 
drastically by small changes in final injection ve- 
Icx iiy bec’diise the greatest proiiorlion of booster 
energy is utilized in merely escaping the gravita- 
tional potential of Earth. Consequently, only very 
small fractional changes in final velocity result in 
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3. Mariner 1964 Venus time of flight versus correspond to alternate transfer ellipse not generally 
launch time for various iniection energies. Dotted loci utilized. UPL/NASA) 
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Fig 4 Iniection loci for hypothetical 1964 Manner 
Venus launch showing variation of launch azimuth 

enormiius (han^es in transit lime sIio\\n in 1 1 ^ 
^ the companion ^laph to Fijs 2 These limes 
eiitei into the ele»si^n rtlialulitv phile»soph> wlmh 
often has a eiitual healing on (he eonfigiiiation of 
the seientific expel iments In this giijse the piob 
lem of eomniunie ation js of picat impoilanee 
smee the eiistanee eiver which the return link liom 
the spacecidit to haith must opeiate (telemeter) 
dtterinines the infoimation latc eapieitv o? eon 
\trselv the e ommu meal ion system fo? extencleel 
distancts must utilize a gieater share of the power 
weight ane] space available within the spacecraft 
Interplanetary trajectories, (ftneially Ur cn 

ergv requnecl to launch lowuid the Sun has a 
simple, relation to that lecfiiiied to laiimh in the 
antisolar diiection file Suns gravitation potential 
energy at Edith’s orbit coiresponds to an oibital 
\cloiitv (-10 km sei ) that is iifailv half of the 
escape velocity (70 km see) The launch eneigy 
for inward ( s I astiononiic al unit or A(() and out 
ward ( 1 AU) missions c an be shown in a simpli 

fled manner (Fig 'Si It can be seen that the very 
close, inward mission (/^()2AU) ree(iiires moio en 
erg> for example than a mission to Satin n 
As seen from Earth the intei planetary probe 
displays a complicated tiajector> ft is useful to 
utilize an Earth fixed eoordinate system, that is 
ont rotating about the Sun smee many important 
effects aie emphasized Figure 6 shows repieseni 
alive solai and antisolai Itaje clones in the plane 
of the ecliptir The former shows the characteiis 
tie lag in orbital yelocitv behind Faith at launch 
with an overtaking and c tossing of the Eailh Sun 
line (infeiior conjunction) a consequence of 
the conservation of angulai momentum of the 
spacecraft about the Sun Outbound or antisolai 
trajpctoiies aie considerablv simplei In this case 
the initial excess velocity in the diiection ahead 
of Earth causes the spacecraft to assume an orbit 


with time of launching (JPL NASA) 

gieitii than 1 Ml tc suiting in Inin in a reduced 
ingulai yeloc ily as the i icliiis yecloi to ^ic Sun 
me lease s 

Rooster oi 1 lunch ychiilc pet lot mane e is a crit 
leal factoi in the ini*^ ion design The final space 
ciaft wei^t ancl the nuMinnin (iphelion) oi 
minimum ( pc iihe lion ) sol ii distanc e de pending 
on wluthci the mission is mtisolai or solai, arc 
geared to the hoostei Examples of pay loid 
c 1 flic It \ and penhelion are shown in I ig 7 

In ihe sptctiiim cd potential missions oihits 
inclined to the plane of the ecliptic iir consideiecl 
impoitint (oi studying the extended solai atinos 
phere Pcifonnance for this class id mission 
shown in Fig 7 is foi a spicceiaft wc ighi ol 100 
III The considct ihle eiieigc re cpiiM iiienl comes 
Iroiii the need to ohtiin a velocity component 
normal to the ecliptic which results m an in 
c re asf d total yeloc itv \ddt d or hit plane im lination 
detracts from eneigv av iilahlc foi close perihelion 
distance Oulhound oi antisolai inclined orbits are 
nut considered here, he cause the suppose»cl tend 



Fig 5 Equal energy^ loci for solar and untisolor 
heliocentric orbits 



spacecraft wt — 400 lb 



Fig. 6. Solar and antisolar interplanetary orbits in a 
coordinate system fixed on Earth and rotating about 
the Sun Marks on loci are months in orbit subsequent 
to launch. Communication blackout is due to shadow- 
ing by the Sun and corona. 

ftuv of ihf solar wind to displav sironprst polar 
as^inmeti les close to the sun niaximi/e-' seientifH 
Intel esl in this direction. 

Com m unication. Two-way comninnication has 
been standard on all space prohes Mnte the flij?ht 
of Pionvet I . Paiameteis associated genet ally with 
< oinmiinication design are siiiiiniarizcd in Table 2. 
ft is ciistomaiv lo iniliide on board ihe spaieciafl 
a matiiv of eaith-a< tivated < oinmands whidi ate 
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Fig. 7. Perihelion distance and orbital inclination to 
ecliptic for a 400-lb spacecraft using some current 
booster. Antisolar orbits are not shown. 

the end link of a command loop. This eonfiguration 
consists of an Eaith-based transmitter, antenna, 
encoding equipment, and one or more command re- 
ceivers aboard the spacecraft. Usually the com- 
mand carrier is phase-locked to the spacecraft 
transmission system, and a coherent Doppler rang- 
ing system is thereby established. By appropriate 
carrier modulation, both lange and range-rate in- 
foimation can be obtained. Such information is 
t rucial to sue cessful mid-course velocity trim, 
especially for planetary missions, and is of great 
importance in the study of parameters associated 
with the properties of the spacecraft orhil. 



Table 2. Typical values for presently attainable deep space communication systems 




Space! I all 

l-to-Kaitli link 


bjiirtli-to spiicec 

laiT link 


Moon 

\ C‘I1US 

Mui H 

Far 

aiitisolar 

Moon 

Far 

\ t'liiis Mars aiitisolar 

Distance liorii 
J^fiith (km) 

2.5 X 10 

• :i.7 x 10’ 1.1 xio* 1.1 X 

lO** 2. 

5 X 10’ 3. 

7 X 10’ 1 1 X 1 1 X 10* 

Space loss (dh) 

212 

255 

267 

207 

212 

255 

267 

207 

Modulation 
loss (dh) 

1 

1 

i 

i 

8 

8 

a 

8 

Miscellaneous 
system loss (dh) 

4 

t 

1 

4 

1 

1 

4 

4 

Sfjacecraft 
antenna gain 
(db) 

26 

26 

V 

23 

31 

0 

0 

10 

31 

(iroimd antenna 
gain (db) 

53 

53 

53(61 )t 

61 

51 

51 

51 

51 

Tiausinittiiig 
power (watts) 

10 

3 

10 

50 

10,(H)0 

100,000 

10,000 

100,000 

Koceiver-noise 
spectral density 
(dbm/cps) — 

174 

181 

-181 

-181 

-161 

- 161 

-161 

-IbO 

JVrformonce 
margin (db) 

6 

6 

6 

6 

43 

12 

0 

6 

Data rate 
(bits/sec)'^ 

7.1 X 10* 56 

5.6; 

2.2 

1 

1 

1 

1 


* Bit error rate 5 X 10**^ for spamrnft-to-Earth link, 1 X 10"*^ for Karth-to-spacecraft link, 
t 61 db later Mars prolies. 

t Data rate will be 35 bil8/aec' for later Mars probes wlien 61-db auteniia is available. 
source: Space/ Aeronautics, July, 
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The primary design problem of spacecraft com 
munication rests in the area of telemetry rather 
than command, since signal stn ngth \eisuH system 
noise IS the fundamental limitation, that is the 
spacecraft^ power capacity is limited In com 
mand systems power can generall> be raised arbi 
traiily since the transmittei is on Eaith The 
design of the leturn link is a tradeoff between 
spacecraft transmitter power transmitter antenna 
gain receiver noise le\ el, and antenna size Foi the 
spacecraft portion of the communication link the 
quoted paiameters are c‘\lremclv sensitive to the 
basic spacecraft design Foi example the method 
of spacecraft stabilization determines the antenna 
configuration and therefore the maximum gain 
which can be emplo\ed It is interesting to note 
the procedure foi increasing gain which is em 
ployed in the Pioneer piogram \ stack of dipoles 
(Fianklin aira>) is used to genciate a beam ha\ 
ing c>lindrical s\mmetrv With the s\mmcti> 
axis coincident with the ''paccciaft '-pin axis md 
these axes normal to the ecliptic the f arth aIwa^s 
“sees” the main lobe of the ante nna signal indc 
pendentlv of spaced aft spin A furthet variant is 
that used for the Svneorn c ommimuation satellite 
which consists of a group of Franklin ariavs ar 
ranged about a common centti The patUins aic 
phased so that the cybndiical svminrtrv is dc 
sliovfd and a pencil beam is piodtued The phas 
mg IS made to lotate counter to the spacecraft 
spin and at the same rate so that the beam is fixed 
incrtiallv In this wav the 8 10 dli gain of the 


cylindrical array can be raised to perhaps 18 db 
See An If NNA (abriai) 

Returning of data to Farth— the primary objec 
five entails the encoding of infoimation, in addi 
tion to the selecting of the most efficient ttansmis 
Sion system As viewed by the telemetry svstem 
the information foiwaidcd to it for transmission 
must be sciial and is usually digitally encoded It 
IS common to utilize a binaiy logic Consequently 
the information must be both digitized and con 
verted to binary form as well as properly lagged 
and synchronized with the spacecraft master tim 
ing sjstem Digitization of data from a particular 
experiment is carried out cither as part of the 
experiment or else incorporated into the cn 
coder which samples orders stores, and tags the 
data Thus the e ncodei c ontains some of the 
intiinsK properties of a c omputc i 

Phase shill ke>ing fPSK) a commemK used 
digital rnodulaticm tcchnic|ue in which the infcama 
tion IS icpipscnted hv discrete shifts in phase of 
the RF cairifi is shown si he malic all> in Fig 8 
The sysUrn is svmrnctnc thit is it is applic ihle 
to either the commind (up) link or itlemclrv 
(down) link of the space*(iafl The sin c» A sign'll 
curies the infoimation within il*- phase (4:) 
which IS chosen hv the siihcarrier modulgtor The 
sin o I is convoluted with the commind sij^n il and 
Iran mittcd to the rtceivti \c»te th it three iiifoi 
niation lines are requiied that is cainei suh 
earriLi (^in > t) uul sviuhioni/ing code Sm 
fill MrilRTNC 




Fig 8 Basic phase of shift-key (PSK) transmitter and detected by comparison with unmodulated sin co f 

receiver Both a bit sync and sin n f (data carrier) the receiver Transmission of bit-sync signal provides 

waveform are generated at transmitter Sin o t is also timing for filtering and sampling to reconstruct data to 

made available as —sin o» f according to whether a form of originol synchfonized command ibpoc^/Aero 

1 or 0 is to be carried The PSK output is phase- nautics) 
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west longitude oast longitude 

150* 120* 90* 50* 30* 0* 30* 60* 90* 120* 150* IBO* 



Fig 9 Apparent ascent tra|ectory projected on Earth velocity as spacecraft ascends (conservation of angular 

for typical solar orbit to 0 8 AU (from Pioneer). momentum) 

Retrograde motion results from slowdown in angular 


As discussed under “Orluls,” the cotnmunica- 
non system is insepaialdy linked to ihe design of 
the orbit. First the pioblem of tracking the space- 
craft must be a judicious choice between ground 
station locations. Earth rotation, and launch or 
ascent phase. An illuminating wa\ of displaxing 
the orbit for tiacking purposes is to plot the I cus 
of the orbit as seen from the rotating Eaith. As the 
spacecraft climbs, its angulai velocity lags that of 
Earth so that finally its motion becomes letro- 
grade, as shown in Fig 9. This condition is foi an 
interplanetary. Pioneer-type orbit with launching 
'strictly eastward, with the ascent divided Lv a 
coast phase. It is also convenient to considei the 
decrease in communication channel capacit) (de- 
fined as bits/sec for some mean errol* rate) as a 
function of time in orbit. All interplanc»tai y space- 
craft orbits show such a deciease as distance in- 
creases; the loss is nonlinear due to the compli- 
cated manner in which radial distance varies. The 
telemetry profile or channel capacity for standard 
Pioneer solar (perihelion 0.8 All) and antisolar 
(aphelion 1.2 AU) orbits is shown in Fig. 10, 
which displays channel rate versus time. 

Attitude. Spacecraft orientation or attitude con- 
tiol is a special area of design which affects many 
other systems. The two general methods of attitude 
stabilization are spin stabilization and active con- 
trol, which uses gas jets, inertia systems, or com- 
binations of these. Only certain early U.S.S.R. 
Lunik probes were allowed to tumble at a rate 
determined by final booster separation anomalies; 
^en then the roll rate was sometimes used. 


Since many experiments are designed to scan 
cithei the celestial sphere oi a planetary disk, the 
means of attitude stabiliration must be compatible 
with the experiment package. For simple scan- 
ning, it is often mo*^t appropriate to list* a spinning 
''Pacecrift .Systems stabili/ed in inertial space do 
not lend themselves to the kind of scanning re- 
cjuiied tor many interplanetary experiments. The 
situation for planetar> scanning, however, is dis- 
tincily less cleai. Though the equivalent of a sim- 
ple flying spot scanner has been discussed for use 
in a spinning spacecraft, present practice is to use 
more conventional television proceduie where the 
image field of a telescope is scanned electroni- 
cally and the system is mounted upon an active 
attitude-controlled spacer raft. 

l*he type of attitude contiol emploved is also in- 
fluenced piimarily by guidance and communica- 
tion constraints. The latter are derived from the 



Rg. 10. Communication channel capacity in bits /sec 
at various flight times for solar 0.8-AU perihelion and 
antisolar 1.2-AU aphelion (from Pioneer). 
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more flexible antenna design allowed by a non- 
spinning orientation, and the former is connected 
with the greater ease of performing mid-course 
velocity trimming on a spacecraft which is non- 
spinning. Although this last comment is generally 
held to be true, it is recognized that maneuvering 
can also be done on a spinning spacecraft. Indeed, 
the Pioneer spacecraft orient themselves by 
torque-induced precession. In addition to the con- 
straint of communication antennas, tlie attitude- 
control system is strongly influenced by the power 
system in cases where the energy source is srdar. 
Solar-cell array yield varies as the cosine of the 
incidence angle; attitude-stable spacecraft are 
favored for this reason, though they are not essen- 
tial, as seen by the extensive use of solar-cell con- 
figurations on spinning spacecraft. More exotic 
solar-power systems require nonspinning plat- 
forms. For these later generation power systems, 
spinning spacecraft cannot be utilized. 

A basic means of storing angular momentiini is 
a flywheel. The spacecraft is linked elect rornag- 
netically to the flywheel, and control of coupling 
takes place electronically. Friction and momentum 
saturation limit this type of system, and it must be 
augmented by a gas-jet arrangemcnl. Gas-jet 
nozzles supply the torques for Mariner-type 
spacecraft, with the MarineT IV being supple- 
Tnentcd by solar pressure vanes. Since the gas-jet 
system alone has no friction, it is conditionally 
stable and can never be brought to rest. The space- 
craft continually rolls between limit sto|)s. 

For interplanetary orbits, nonspinning systems 
are first oriented to the Sun and then roll-fixed 
about the axis pointing to the Sun. The latter re- 
quires reference to a celestial body other than the 
Sun. Earth is customarily utilized for this purpose. 
The Earth scanner has a cylindrical acceptance 
geometry and must he designed with a threshold 
so us not to lock inadvertently on the Moon or a 
bright star. For orbits exterior to 1 AU, such a 
system will not suffice, for in some cases the Earth 
and Sun are unfavorably located (inferior con- 
junction). In these instances a star (Canopus) is 
used as the roll reference. Clearly, as the space- 
craft moves in orbit, a slow roll takes place for 
cases interior to 1 AU, since the Earth moves. 
For a Canopus seeker, this is not so, as the star 



Fig. 1 1 . Silicon n/p solar cell efficiency as a function 
of temperature. 



Fig. 12. Programmed solai^'Cell panel system efficiency 
using sweepbock (canted angle of incidence of solar 
radiation) and blue-red filter glass for ultraviolet 
and infrared protection. 

is celestially fixed. Since atliludc-locked space- 
craft such as Mariner have hinged antennas, the 
orientation must continually be modified. This is 
doubly eomplex for the orbit interior to 1 AU. 
the spaeecraft is in slow roll tine to Earth motion. 

Power. Electrical power is rciiuircd for all sjiaiT- 
craft functions. Most ])rob(*s cniplo\ solar-crdl 
arrays that generate power from direct iNiimina- 
lion by the Sun. Arra>s of solar cells arc generalU 
mounted in plane configurations wbicli are de- 
ployed sometime after the aerodynuinic shroud 
Used diiri^ launch has Immmi iiqtjsoncd. On non- 
spinning spacecraft an important advantage is 
gained, as the arrays can always be directed nor- 
mal to the incident sunlight. S)iinning spacecraft 
suffer a distinc;t disadvantage in this re‘^pf‘cl. Solar- 
cells have an rffieieiic y which is strongly Icinpcra- 
liire defiendcnt and arc useful onlv to ilislanccs of 
2 3 AU from tlu* Sun before their efficiency falls 
to a very low Icv(d. Figure 11 shows Si n 'p cell 
efficiency versus temperature. To inaiiituin tem- 
perature to an adequate level near the Sun, one 
teehnique is tc» cant the cells. The high solar con- 
stant still provides an adetiiiatc level of power as 
close as a few tenths AU, when? heating then de- 
grades operation. For the case of antisolar inis- 
.sions, the low solar constant eventually degrades 
operation. The curves in Fig. 12 show both cases 
where the progressive change in angle of inci- 
dence is ii.sed to extend the useful range of the cell 
array. 

Nuclear systems can obviate many of the diffi- 
culties, simplify structural design, and extend the 
range of operation. Presently, however, they are 
magnetically “dirty” and create background count- 
ing rates which can significantly affect cosmic-ray 
experiments. Sec Spack power systems. 

[C. P. SONETT 1 

Space technology 

The systematic application of engineering and 
scientific disciplines to the exploration and utiliza- 
tion of outer space. Outer space is defined as those 
portions of the universe which lie outside the at- 
mospheric envelope surrounding the Earth. It can 




be subdivitled into a number of areas which are 
classified according to environment. The various 
spa«*e vehicles involved may be identified according 
to mission. A rough environmenlul classification 
might be (1 ) near-Karth, which is 100-300 nautical 
miles (n mi) from the Earth’s surface; (2) far- 
Karlh, 300-25,000 ii ini: and (3) deep space, 
greater than 25,000 n mi. In addition, there may 
be localized environmental condition^ near stars, 
planets, and planetary satellites, such as atmos- 
phere. magnetic fields, and radiation fields, that 
must he taken into account by the space vehicle 
de'^igner. The vehi«*le classifications can be gener- 
alized into manned and unmanned vehicles, and 
specific missions might include, but not be limited 
to. astionomical studies; weather and meteorologi- 
cal investigations; communications; lunar, plane- 
tar\, and deep-space piobes for leconriaissance and 
for landing; use of vehicles as orbiting research 
lahoialorics. for militaiv purposes such as sur- 
vcillanie. attack, and defensr and to exercise 
suppiv and logistic fiin(*tions for orbiting vehicles. 

Wheieas the term spare vehicle usually lefeis 
to tlie (oinbination ol laiiriclier and spacecraft, the 
fomplele space vehide svsteni includes not only 
the sp.ueci.tlt and its booster but also the launch 
fiuilitv and the entile ground opeiation and sup- 
port facility « omplex. These latter aspects include 
iraiispoitation of tin* space vehicle to the launch 
complex, ihe handling, eiec'ticm. and firing of the 
device, and the trucking and c’ontrol stations for 
monitoiing and controlling the flight path of the 
\c'hielc\ All these involve technologies which are, 
to a laige extent. uiiic]ue to the spM r piogram. 
Sec LaijNc inx(. IMII C OMPLI 

Space vehicles may be luunrbed from and re- 
turn to Kaith, may be launched from Earth l-ut 
not be expec'ted to retuin, or fin the future) n.ay 
he asscinliled and launched from a space* station 
or lunar launch c'onifdex. The earliest space vehi- 
cle, the high-altitude sounding rocket, was 
launched from Euith in essentially a vertical di- 
rection, passed through the atmosphere, pene- 
trated a short distance into space, and tell bock 
to Earth. During its flight, information on the 
u|>per atmosphere and the edge of s])aci; was col- 
lected and either transmitted hy ttdemetry or re- 
turned to the surface by a paiachute attached to 
a data capsule. The next penetration of space was 
acc'omplished by the long-range liallistic missiles, 
whose trajectories reached altitudes of 70-100 
n mi. These ballistic missiles became the first 
liousters for the early spare vehicles and^ up 
through Project Gemini, nearly all the mailned 
vehicles, satellites, and probes have been put into 
spare bv a Thor, Atlas, or Titan missile power 
plant adapted for use as a boo.ster. In many cases, 
additional upper stages have been added to the 
basic booster to provide the required terminal ve- 
locity. These stages are either of a general-utility 
type, useful for many spacecraft, or are designed 
especially for one spacecraft and its mission. 

Atmospheric flight. During the initial and some- 
times the final stages of space exploration, the 
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atmosphere surrounding the Earth must be trav- 
ersed at speeds ranging from subsonic through 
supersonic (during exit) to hypersonic (reentry) 
velocities. This phase involves specific technologies 
relating to vehicle design and construction, pro- 
pulsion, aerodynamic stability and control, thermal 
t*ffects due to aerodynamic heating, and all the 
related disciplines. For example, vehicle design 
and construction involve a knowledge of stress 
analy.sis found in the theory of elasticity, coupled 
with an understanding of material properties at 
elevated temperatures whieh is obtained from the 
technological aspects of physical metallurgy and 
the science of metals. Pn»pulsion is dependent 
upon an understanding of the chemi.stry of com- 
bustion, as well as thermodynamics of solids, 
liquids, and gases. Aerodynamic stability and con- 
trol not only require a knowledge of classical 
aetodynamics, but may involv,' the Interaction be- 
tween the aerodynamic loads and the .structural 
deformations due to load and temperature fields; 
these latter aspects cun be covered by the general 
term of aerothermoelasti(*itv. Electronics and 
communications are involved in this phase of the 
opeiation. and even these technologies must take 
into ac'count the ia(‘t that the air surrounding a 
reentering space vehicle may be heavily ionized 
due to the intense aerodynamic heating. The 
build-uf) of appreeiuble heating and the build-up 
of deceleration loads are two of the most important 
effects encountered by a vehicle during entry into a 
planetary atmosphere. The dynamics of atmc»spheric 
entry deals with the choice of an appropriate tra- 
jectory profile to minimize these effects and thus 
involves a selection of the velocity of the vehicle, 
the flight-path angle, and the choice of instrumenta- 
tion to control this tiajectory. 

The eomplexities in the teehnologv become ap- 
parent when a single component of a space mis- 
sion, .su<‘h as the Gemini capsule, is considered. 
Among the items and svstems that have to be 
designed and interrelated are (1) the Gemini 
structure, which includes the reentry module, the 
launch vehicle adapter, and the heat protection 
reentry front face and incorporates equipment 
stowage and crew ingress and egress; (2) elec- 
tronics, which includes communications and track- 
ing guidance and control instrumentation and elec- 
trical power; (3) environmental control anil heat 
rejection system; (4) propulsion, involving atti- 
tude control, retrograde rockets, and orbital 
translation thrusters; (5) launch escape system; 
(6) landing system. iSee Astkonautical kngi- 
NF.ERING; SPACEf:RAFT STRUCTURE. 

Earth satellitas. Many space vehicles are de- 
signed to revolve around the Earth in circular or 
elliptical orbits. They are used for the collection 
of scientific data on outer space, as reconnaissance 
vehicles to observe the Earth’s surface or its at- 
mosphere, as communications relay stations, or as 
bases for astronomical observations. The satellite 
can transmit its data back to Earth by telemetry, 
or the satellite or some part of it can return to 
Earth with its records. Tlie satellite orbit plane 
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ran pass through the Earth’s axi<^ (polar orbit), 
through the Equator (equatorial orbit), or be at 
any other desired angle to the Earth’s axis. Polar 
satellites have the advantage that the Earth re- 
vol\es under them so that the satellite eventually 
passes over the entire Earth’s suifaoe. Since the 
majority of the population is situated near the 
Equator, the equatorial satellite is of particular 
\alue for communications systems. A satellite at 
approximately 22,000 miles from the Earth has a 
period exacth equal to that of the Earth and 
would remain fixed over one location. It therefore 
would have ad\antages as a romnuinioations lelay 
station since three such satellites would allow for 
communications between most areas of the Earth’s 
surface. See Com munk Arrows sathuii-; Saifi- 
LITI-, ARTIFICIAL. 

Large Eaith satellites could also be adopted as 
spac'e stations for the assembling, launching, and 
landing of other space vehicles Vehicles for intei- 
planetdr> travel launched from these would not 
have to be designed toi atmospheric exit and re- 
entry, thus avoiding many design problems Such 
stations would be manned and supplied by logistic 
vehicles. These large satellite stations would also 
he ideal locations foi astronomical obseivations 
and as leseaich stations for studying the effc'ct of 
space enviionment on materials and life foims 

The use of Earth satellite's biings new problems 
and new technologies into action While in the 
atmosphere, propulsion systems can make use of 
the oxygen in the air to oxidize the propellant. In 
space, however, oxygen is no longer present and 
must he carried hv the space vehicle if any ma- 
neuvering or change in flight path is to he ar- 
complished. Also, as the alniospheie is left behind, 
its shielding from electiomagnetic and rorpiisc ulai 
radiation is lost, and the effects of these radiations 
on material properties and on any humans in the 
space vc-hicle must he taken into account The 
radiation level in the neai -Earth region ap- 
pruac lies that of outer space, and except for times 
of solar flare activitv, shielding of critical space- 
craft components is effective. In the fai-Earth 
regions there are bells of high electron and pio- 
lon energies (the Van Allen belts), and if a 
spacecraft is to stay in these regions for piolonged 
times, special efforts may have to be used to pro- 
tec I critical parts or to utilize materials which are 
not damaged bv radiation. Technological methods 
of designing stiuctures and equipment to operate 
in a hard vacuum al^o become important for Ruch 
vehicles. Since oxide surfaces cannot reform if 
once broken, metal-to-metal contact may lead to 
cold welding of the surfaces, and evaporation of 
liquid lubricants or greases becomes a serious 
problem. See Solar radiation; Spacf; Van Al- 

IFN RADIAllON. 

The Eaith satellites will also be subjected to 
bombardment by minometeoroids, those particles 
of cosmic dust which are found in space but which 
are particularly dense near the Earth. The average 
size of these particles is small, but their velocities 
are large, and thus they have sufficient energy to 


puncture thin-walled space vehicles. Techniques of 
either guarding against such high-velocity parti- 
cles or sealing a punctured vehicle involve the use 
of the theories of high-velocity impact, coupled 
with failure parameters of the constructional ma- 
terials used for the spacecraft, as well as new 
methods of leak detection and repair. See Spacf 

FLIGHT. 

Flight outside the Earth’s atinospheie brings 
new astronomical techniques into play, and the 
proper storing and analyzing of these data call 
for advances in the fields of optics and electronics. 
Development of new methods of puKcssing and 
handling of large quantitjics of data will be re- 
quired as the area of detailed scientific investiga- 
tion expands from the near-Earth area to the far 
reaches of the universe. 

The establishment of permanent satellite stations 
in Itself requires the development of many tech- 
nological areas lightweight const! u( tions to be 
assembled in space pose many new and difficult 
problems to the ronstniction engineer Even sim- 
ple tools, such as a sc lewdriver, must be leilesigned 
since they are to be used in space wbcic thcie is 
no giavity so that the reaction of the tc»ol on the 
man using it may well give him an undesirable 
velocity component Maintenance c»f these sftitions 
with a minimum of transported materjal from 
Eaith calls for methods of growing and piocessing 
food, the ob^ining and ronservatioii of water and 
oxvgen, anerthe efticicmt piocessing and utili/ation 
of waste mateiial so as to peimit life processes 
(human, animal, and plant) to continue with the 
lea‘-t possible restnVlions. The use ol satellites as 
communications relay stations as well as spare 
launching platforms brings iiianv new facets into 
play in the field of communications, including 
low weight power supplies and efticicmt and light- 
weight systems toi the reception and letrans- 
mission of signals. 

Space probes. Vehicles designed to rolled infor- 
mation on outer space and the bodies therein are 
space piobes. The simplest piobe is the vertical 
sounding rocket previously mentioned. If the ve- 
locity of a vehicle from Earth is increased, a ciiti- 
cal velocity will be reached which will enable the 
vehicle to escape Earth’s gravitational field com- 
pletely. The actual escape velocity fiom the sur- 
face of Earth is approximately 7 mi /sec. Once 
having escaped from Earth, the space vehicle can 
be directed toward the Moon, other planets, the 
Sun, or to regions bevond the solar system. The 
name of the vehicle designates its mission. See 
Spaci probl. 

Lunar probes. Space vehicles designed to inves- 
tigate the Moon and its surroundings may be di- 
rected to go closely by the Moon and return to 
Earth, go past the Moon and enter a solar orbit, 
go into a satellite oibit around the Moon, or land 
on the Moon. In addition to the usual space in- 
formation to be collected and returned to Earth, 
such as temperature, radiation levds, and mete- 
oric impact, television has been used to send back 
visual information on lunar surface conditions. 



Planetary or solar probes. As ihcir name indi- 
cates, planetary or solar i»r«bes are space vehicles 
designed to investigate conditions near and on the 
planets or near the Sun. Their possible orbits will 
be similar to those for the lunar probes except for 
the solar probes, which will never attempt a land- 
ing or an approach closer than 0.01 All because of 
the high temperature of the Sun. The nearer 
planets will be investigated first, and as propulsion, 
guidance, and communications c'ontinue to im- 
prove, probes to the more distant planets may be 
expected to follow. 

Cosmic space vehicles. The ultimate effort to 
leave the solar system and investigate some of the 
closer bodies beyond recpiires a truly cosmic vehi- 
cle. as compared with those for use within the 
central portion of the solar system. (In Russian 
usage an> space vehicle is termed cosmic.) To 
make significant trips even to the outer planets, 
such as Neptune and Pluto, with mean radii from 
the Sun of aptiroximately 27.0 X llT and 36.7 X 
KP miles, respect ivelv, high veh»citics will be re- 
ifuiriMl jf the journev is to be made In a reasonable 
proportion of a human lifetime. Because oi the 
great distances to the nearest stars, vtdocitics 
e((ualing a significant fraction of the veloi-ity of 
light must be obtained if the time for the journey 
is not to be nu-fisiired in generations. .See Nfcl*- 

Pumo. 

Tlie technologies for the sjiace probes are similar 
to Init more advanced than those nupiired f<»r Earth 
satellite's. Distances are gieatcr, leading to more 
stringent recpiiiements on both guidance and 
cornmiiriicafioiis s> stems. Times are longer, making 
reliability and long life for all components a vital 
necessity. The vacuum of deep space is harder 
than that in the near-Earth regions. If the prone 
goes toward the Sun. the effects of solar ladiati *n 
become more important. Tf it goc'* awav from the 
Sun, low temperatuies may cause inslrumentalioii 
problems, and sufficient solar pow'cr may not be 
available for solar cell power so that auxiliary 
electric power supplies may have to be carried. 
For deep-space probes new profnilsion systems 
may have to be developed, such as ion engines, 
which are theoretically rtmrc effective th^n che?ni- 
cal power .sources for long usage. .SVe L^terplam.- 
TARY PROIMII.SION; SpACE POWER SYSTEMS. 

Lunar and planetary landing vehicles. These in- 
volve additional technologies over those for other 
spa(*e vehicles. Problems of landing on the Moon 
differ from those on the Earth or other planets 
since there is insufficient atmosphere to slownhe 
landing vehicle. The landing and surface maneu- 
vering must therefore be done under .some form of 
retropower, which must be carried in the space- 
craft. Landings on other planets such as Mars 
cause additional difficultie.s due to the fact that 
the atmosphere is different from that surrounding 
the Earth. Utilization of local material for con- 
struction, together with protection from heat, cold, 
radiation, and micrometeoroids on the lunar sur- 
face, calls for new methods of construction. Much 
of this may have to be done by remote control be- 
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cause of the environment relatively hostile to or- 
dinary human activity. The planet.s may have 
environments ecfually hostile, with possible dan- 
gers such as unknown bacteria or poisonous plant 
life, fiong occupation of any lunar or planetary 
space station may lead to unknown human-factor 
problems. 

Cnu))led with the technological problems of the 
actual space vehicles arc the problems of ground 
ccpiipment for storage, launching, landing, and 
maintenance of these vehicle.s. Exotic fuels with 
their often corrosive and poisonous capabilities 
raise storage and handling problems, such as the 
need for closed piping systems. ITse of these fuels 
in large quantities enters the field of economic 
logistics (.w Metal-base j-TiKl). [e. k. sechler] 

Spacecraft structure 

The supporting structure for systems capable of 
leaving the earth and its atmosphere, performing 
a useful mission in space, and generally returning 
to the surface of the earth. The teclinologies that 
enter into the design of spacecraft structures in- 
clude aerodynamics, aerothermodynamics. heat 
transfer, structural mechanics, materials technol- 
ogy, and systems analysis. In applying these tech- 
nologies to the structural design of spacecraft, the 
significant factors influencing the design are 
analyzed and trade studies are made to arrive at a 
design which fulfills system rcfjuirements. 

The structural aspects of space flight can be 
divided into four broad regions or phases: 
(1) transportation, handling, and stowage; (2) 
boost: (3) orbiting or space flight; (4) reentry. 
Each phase has its own structural design criteria 
leased upon the specific eiivinmment, the configura- 
tion existing during the phase, the rnissiem objec- 
tives. and whether the craft is manned or un- 
manned. These design criteria require detailed 
consideration of heat loads, shock, rigidity, radia- 
tion. uTid meteoroids. Statistical anal>.ses are used 
to prevent designing for statistically improbable 
combinations of such factors as heat, load, and 
shock. 


gross weight 'payload weight 



Fig. 1 . Typical growth factors for oir-borne and space 
vehicles. 
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Transportation, handling, stowage. The growth 
factor for space vehicles, that is, the change in 
take-off weight required for each additional pound 
placed in orbit or transported to the moon, is shown 
in Fig. 1. For comparison, growth factors for air 
planes are also shown 

The resultant penalty for each unwarranted 
pound, for example. 400/1 for an earth-to-moon. 
one-way, three-stage trip, dictates that the trans- 
portation, handling, and stowage of the over-all 
system or its c omponents must not impose a weight 
penalty on the flight article The most severe en- 
vironments encountered in transportation, handling, 
and stowage are shock and vibration Special equip 
ment is designed to reduce these loads to such a 
level that they do not govern the design of the 
flight aitkle. 

Boost phase. The purpose of the boost phase is 
to lift the vehiile above the sensible atmospheie 
and to accelerate the vehicle to the velocity re- 
quired for its mission For space missions the 
required velocities range from 26,000 ft /sec for 
nearly circular orbits to 36,000 ft /sec for lunar or 
interplanetary missions. Achievement of these ve- 
locities requires boosters many times the si/e of the 
vehicle itself. Generally, this boosting is accom- 
plished bv a chemically powered rocket-propulsion 
svstem using liquid or solid-stale propellants (see 
RofKi-r FVWNf) Multiple stages are required to 
reach the velocities for space missions (see Rof kf r 
staging). Launching mav be accomplished verti- 
cally (from a surface stand or from underground 
silos) or horizontally fiom an airfield (ieneially, 
veilical launching from a surface stand is piefer- 
able See Latin ( KING pad (ompifx. 

VeitUdl take-off requires a thrust or propulsive 
force that exceeds the weight of the complete flight 
s>stem by approximatelv 30^ . 

The traiectories, that is, the variation of velocity 
with altitude and time, can be controlled to some 
extent bv proper selection of the ihrust-to- weight 
ratio and latinc h angle The higher thrust-to weight 
ratios are more efficient but also result in higher 
dvnamic pressures q given bv q = V2pV^ wheie q 
ib dynamic pressure, lb /ft’; p is density, slugs/ftS 
and V is velocity, ft/sec The higher the dvnamic 
pressure, the higher are the aerodynamic loads 
and heating 

Determination of boost phase loads requires con- 
sideration of ignition and release shocks, weight, 
thrust, acoustical or noise environment, gusts, 
winds, propellant temperature, boost trajectory, 
method of stabilization, vehicle geometry, exhaust 
radiation, and base heating. 

The propulsive thrust force is reacted by inertia 
loading, and the loc al compressive force is depend- 
ent upon the acceleration and mass distribution of 
the vehicle. Lsually, the thrust loads are critical 
at stage burn-out because, with constant thrust, the 
ac celerations increase to a maximum as the propel- 
lant weight of the operating stage is reduced to 
zero. 

Payload configuration. Probably the strongest 


influence on booster bending moments is the pay- 
load shape Figure 2 Indicates the relative bending 
moments imposed upon the same two-stage booster 
for a 50-ft/sec sharp-edge gust when the payload is 
a glide shape or a ballistic shape. The differences 
are due to the greater aerodynamic efficiency of the 
glide shape. It is possible, however, in certain 
cases, to use the control surfaces of the glider to 
reduce the bending moments drastically. The 
dashed line in Fig. 2 shows the bending moments 
for the glider when it is pivoted in pitch at its 
center of pressure and its elevons are actuated in 
a manner to nullify the glider aeiodynamic load 
while it IS present Bending moments due to atmos 
pheric disturbances can be substantially reduced 
through proper control-system design. 



Fig 2 Relative bending moment on same booster 
system when payload is a glide or ballistic shape 


Booster stiffness. The structuial stiffness of the 
booster system must be carefully considered The 
sensor location and the higher-order modes must be 
considered so that control-system coupling, which 
may result in over-all vehicle instabilitv, is avoided 
The liquid systems using fairly low pressurization 
as a means of stabilizing the thin shell are not as 
rigid as solid-propellant cases which must inher- 
ently withstand high internal pressures. The use 
of plastics for solid rocket cases reduces the stiff- 
ness due to their high strength-to-weight ratio and 
inherently low moduli of elasticity. This reduction 
in stiffness can be compensated for to a large extent 
by proper control-system design. 

Slushing in the case of liquid-propulsion systems 
is carefully evaluated because it affects the struc- 
tural integrity of the thin shell and stability of the 
vehicle. The fuel-mass movements result in shifts 
of the center of gravity, causing pitch or yaw of the 
system. Control-system* and aerodynamic coupling 




with either pitch or lateral hlohhing ran occur, un- 
less proper baffling or damping is provided. 

Fore and aft accelerations or surging of the 
liquid propellant mass due to thrust variations, 
such ah at take-off or burn-out, result in radial tank 
expansion and fluid compression. Dynamic over- 
loads can result if thrust variations at take-off, 
burn-out, and staging occur at rates or frequencies 
near the natural freqiiencv of the tanks and their 
support structure. 

High trrnpprattirrs. The higher (hnamic pies- 
sures result in higher heating rates and thus higher 
temperatures on the structural materials, because 
the temperature T„ of the boiindarv la\er at the 
booster c’ase surface in degrees Rnnkine is T„ = 
7(1 4 0.2rflf“) where T is ambient temperature, 
"R; T is recovery factor (a|)pro\imatel\ 0.90 for 
turbulent flow) ; and M is Mach number. 

The rate of tj*mperature increase depends upon 
l»oundarv-laver temperature, heat-transfer coefTi- 
cient. emissi\it^. heat sinks or sources of the ve- 
hicle and contents, material condiictivit\, and 
whether insulation or cooling is used. Tempera- 
tures during the boost phase on the engine cases 
and interstage structure can l»e as high as 2000'’R. 
However, inanv tioitions of the Imcist system are 
bclow^ this tem()ei atilt e witli the first-stage lem- 
peratuies of solid rocket ceases ranging between 
71)0 and 9S0°R. Heating of the base area of the 
missile requires attention to detail. Because the 
solid-pro|)elIant fuel tenipeiatuie must be restricted 
to approximateh 9S0®R, insulation ma> be re- 
el Hired. Some designs use materials sucdi as glass 
fiber for the structural case material and thus 
obtain the reipiired insulation without pacing a 
weight penalt\. 

The pertinent structural design parameters are 
temperature, load, stiffness, and time. Tri the dt agn 
of boosters for spacecraft, these four are mutuallv 
defiendenl and interrelated. This relationship re- 
cpiires that many trade studies be made liefore the 
optimum approach can he selected. 

The materials of interest for booster ease and 
interstage design are alloys of aluminum, magne- 
sium. titanium, steel, stainless steel, super allo\s, 
and plasties. The primur\ properties ofjnterest are 
those which contribute to stdlulitv *of the shell 
against the high compressive si i esses. The c'ompres- 
sive buckling allowable is a funetion of the modulus 
of elasticity, and thickness. The modulus of elastic- 
ity at a given temperature is time dependent. Thus 
data used in spacecraft design are tvpicallv based 
upon an exposure time of 5-10 min. because the 
boost phase falls within this time span. 

Pressure vessels. Another important material 
property, espe<*iallv in pressure-vessel design, is 
notch sensitivity. Notch sensitivity, as used here, 
refers to the matenaTs apparent brittleness under 
biaxial strain. This is usually obtained as the ratio 
of the failing stress of a notched specimen to that 
of an unnotched specimen. The notched specimen 
geometry is designed to produce some biaxial strain 
at the notch. A minimum value of this ratio is 1.00. 
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This apparent brittleness contributed to premature 
failure of some earlv boosters. 

In pressure-vessel design the variation of ulti- 
mate tensile strength with temperature is impor- 
tant. Again, the exposure to elevated temperature 
is short. 

Tank structures for boo.sters differ in accordance 
with the type of propellant used. With solid propel- 
lants the tank is primarily a pressure vessel; it 
must contain the high pressures (50Q 1000 Ib/in.®) 
generated bv combustion. Other loads are of .sec- 
ondary importance, and bursting strength of the 
tank is the significant factor. Care must he taken in 
design to avoid stress concentrations, particularly 
near joints, which might cause premature failure. 
Material selection must consider the sensitivity of 
strength to such concentrations, with the material 
in tension in two directions. 

Tanks for liquid propellants, on the other hand, 
must contain relatively low pressures (10-100 lb/ 
in.”). Howrever. flight loads in the^form of thrust 
and bending moment become important in the de- 
sign of the tank. One approach is to use the tank 
pressure to assist in carrying these loads, and to 
stabilize the light-gage iinstiffencd tank shell. The 
skin gage is (‘hosen to he jiisi adequate for contain- 
ing the tank pressure stresses; the pressure is 
chosen on the basis i>f providing adequate stability 
under flight loads. Such pressures are generally in 
excess of those recpiired to stabilize the tank to the 
point where the buckling strength predicted by 
linearized stability theory is developed. Alternative 
approaches are to provide stiffening in the form of 
stringers or frames to stabilize the tank, and lower- 
ing lank pressures only to that level required by the 
propulsion s\stem. Care must be taken to prevent 
excessive stress c’oncentrations fiom arising at the 
frames, when the tank is pressurized, or at the 
stringers because of thermal gradients. 

Interstages between tanks are generally designed 
for flight load*-; their conMnietion is similar to air- 
plane fuselages. They may be monocoque unstiff- 
ened shells (»r may have longitudinal (stringer) or 
c'ireumferential (frame) stiffening. One problem is 
to provide a moans for disconnecting stages as they 
are expended. This is generally accomplished by 
explosive actuated frangible bolts which are acti- 
vated bv command. 

Multiple staging. Various arrangements*' of the 
multiple stages of a boost system are possible. By 
far the most generally used scheme is the tandem 
arrangement in which each succeeding stage is 
placed forward of the one it follows in operation 
(Fig. 3). This has the advantage of simplifying 
the separation of stages, but may result in an 
excessively long vehicle when a large number of 
stages is involved. This may lead in turn to large 
flight loads on the tank structure and to aeroelastic 
instabilities. 

An alternative is a clustered arrangement of 
stages. Although a clustered system reduces vehicle 
length and flight loads, it usually involves a struc- 
tural penalty in the fittings and tie structure re- 
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(a) (b) 

Fig 3 Booster systems, (a) Tandem (b) Clustered 


qiiired to tran«imit loads and thrust iroin llie oulei 
stages through the < liistrr 

Launching of the vehicle and boostei s>steni mas 
be accomplished in a variety of ways. The most 
common is launching from an aboveground site 
with the vehicle rising >erticall\. This requites 
considci ation of the effects of ground winds cm the 
vehicle prior to and during the time |ust aftei 
launching. Special launching strut tines are ie- 
quired to withstand the impingement of high-tem 
perature gases from the rocket exhaust during 
launching. 

An alternative is launching from an underground 
silo. This generally imposes extremely high noise 
levels (150 170 db) on the booster and vehicle 
structure, and also may subject it to extiemelv high 
pressuie pulses of short duration. Launching from 
an airfield runwav using a horizontal take off re- 
quires wings for lift on the booster system and is 
not generallv emploved. 

Space phase. Structural design of vehicles for 
space operation is still in its infancy because there 
are large unknowns in the environment which the 
stiiKtiire must sustain, and differing requirements 
for various space missions. In general, vehicles 
which will 1 center the earth’s (or another planet’s) 
atmosphere are designed to meet the reentry re- 
quirements. These are miuh more severe, and if 
modifications are required to provide c apability for 
the space portion of the mission, sue h modifications 
are minor. 

The primarv function of the structure in a space- 
mission vehicle is to provide an enclosure contain- 
ing an environment satisfactorily conditioned for 
operation of the crew and equipment. This environ- 
ment generally consists of an artificial atmosphere 
tailored to payload requirements (such aa oxygen 
for manned vehicles), and protection against ex- 


tremes in temperature and the influx of radiation 
and pai tides present in the space environment. 

The most significant structural loads in space 
will probably arise from the pressure in the en- 
closed artificial atmosphere. Efficient tension struc- 
ture, generally of the shell type, is used to ( ontain 
this. The piincipal problem is one of insuring pres- 
sure tightness so that leakage rates approach zero 
to a far greater extent than in the past. The maxi- 
mum accelerative loads experienced will be those 
occurring during boost phase. Acceleration loads 
would not be a problem for vehicles initially as- 
sembled in orbit. 

Temperature exliemes in the stiucture and the 
enclosed environment are controlled by treatment 
of the exterior suiface to maintain a balance be- 
tween absorbed and emitted thermal radiation. This 
IS readily accomplished by surface coatings. Be- 
cause incident solar energy varies inversely with 
the square of distance from the sun, means of 
ad|usting suiface conditions will be required for 
interplanetary missions Heat generated by internal 
equipment or other source must be con^'idered in 
the heat balanc e equations 

A princ ipal problem in the design of space 
vehicles arises from the presem e of meteoi u par- 
tides in space These paitidc^s niav ha\e extrcuinclv 
high velocities relative to the space vehicle* (iij) to 
225.000 ft sec I Probability of collision with large i 
particles is exlicmtdy low, but small partic le col 
lisions will be fieqiicmt (Fig 4). Heme protec'tne 
structure of some type mav be ieqiiiie*d to pi event 
rupturing of pressurized compartments, damage to 
ecfuipment or erosion of surfaces needed for ihei- 



hitt (of a given size and forger) per ff'/doy 
Fig. 4. Probability of collition with meteorites. 



mal protection in the space or reentry phase by 
collision with such particles. 

Radiation shielding may be required for some 
vehicles, particularly those operating for extended 
times within the earth’s magnetically trapped radia- 
tion belts or during times of high sunspot activity 
(see Van Alifn radiation). The shielding may 
or may not be an integral part of the structure. 
Effects of radiation on the structure are not ex- 
pected to be severe because dosages required to 
produce structural damage arc generally extremely 
high. 

Reentry phase. Although the atmospheric layer 
of the earth is relatively thin, it is responsible for 
the reduction of vehicle velocity and the resulting 
deceleration loads as well as for the severe heating 
experienced by reentering \ chicles. A body entering 
the eaith’s atmosphere possesses a large amount of 
energy. This energ\ must be dissipated in a manner 
which allows the reentering vehicle to survive 
Most of the \ehi<le’s original energy can be trans- 
formed into theimal energy in the air surrounding 
the vehi< le, and onl\ part of the original energy is 
retained in the vehicle as heat. The fraction that 
appears as heat in the vehicle depends upon the 
f haracteristic*- of the flow around the vehicle In 
turn the flow around the vehide is a fum tion of its 
geometry, attitude \elo(ilv. and altitude (sec Nosr 
COM ) Several different approaches arc used, such 
as the zero-lift, blunt, high-drag body, as exempli- 
fic^d b\ the intercontinental ballistic missiles and 
the man in space programs, and high lift-to-drag 
ratio glide vehic b*s The lattei approac h is used in 
the Dyna-Soar and intercontinental glide missile 
piogiams 

\ third approach is to combine the rather com- 
pact ballistic shape with some of the lift lapabilitv 
of the glide vehicles; Fig S shows typical examples 
of the thiee shapes 



Fig 5. Typical reentry shapes. 


Figure 6 illustrates the basic difference in re- 
entry paths for lifting and nonlifting vehicles. The 
halli.stic missile enters the atmosphere at a steeper 
entry angle y between the vehicle path and the 
local horizontal. 

BMistic zero4ift reentry. Figures 7, 8, and 9 
^how the velocity, altitude, deceleration, and re- 
entry angle relationships. The ballistic coefficient 
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scro-lift ballistic missile 



Fig 6. Comparison of space reentry and ballistic mis- 
sile trejectories. 


W /CuA^ where W is vehicle v/eight, C/# is drag 
coeffic lent, and A is frontal area, is a measure of the 
slenderness of the entering vehicle. Tl\e higher the 
ballistic coefficient, the higher the velocitv at a 
given altitude and hence the higher the heating 
rate (Fig 10). 

The maximum deceleration is independent of 
drag characteristics and depends only on entry 
angle, the entry velocitv, and the atmospheric c har- 
acteiistics. The drag characteristics determine the 
altitude at which the maximum deceleration occurs 

Heating rate q is a function of geometry, atti- 
tude, velocity, and dititude. Ballistic entry produc es 
higher peak heating rates but less total heat is 
transferred to the entry body because its descent 
is so rapid 

Initial entry velocitv and entry angle at the top 
of the effective atmosphere determine the maximum 
load factor and are significant parameteis in deter- 
mining heat rates and total heat input during entry. 
The initial velocity, which is a function of the 
yehicle’s mission, can be controlled with retro 
rockets — but with a significant weight penalty. 

The heating severitv can be controlled to some 
extent by selec tion of the entry angle. Blunt noses 
can divert a large portion of the kinetic energy of 
the nose rone of a ballistic missile into the air flow- 
ing behind the shock wave. This does not eliminate 
the need for some type of nose-cone protection. 

For ballistic missiles, or for any vehicle exposed 
to high heating rates which exceed the material 
capability for a relatively short time (up to 5-10 
min ) , several protection schemes are possible. 

Ablation is the absorption of thermal energy by 
melting, vaporization, or sublimation of the surface 
material to protect the vehicle and payload. 

Heat sink is the nonmelting shielding material 
whose thermal Capacity is used to provide p'rotec- 
tion to the interior structure and equipment. 

Cooling protects the shell of the vehicle by using 
a fluid to absorb the thermal energy by temperature 
rise or by phase change of the material. 

Transpiration cooling operates by diffusing a gas 
or vapor through a porous skin or opening into the 
boundary layer to carry heat away and insulate the 
vehicle. 
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Fig. 7. Typical reentry trajectories for ballistic space vehicles. 
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. 8. Maximum deceleration vs. initial reentry angle 
glide and ballistic vehicles. 


Combi nations of these are possible. Several 
trades can be made. The hcatini; rate <y at the 
stagnation point varies inversely with the square 
root of the diameter, thus q Therefore, 

blunting the nose cone, that is, increasing the diam- 
eter, will r€;duce the heating rate. The total energy 
that must be absorbed per unit time is the product 
of heating rate q times surface area S. When cool- 
ing or ablation schemes are used, the total weight, 
that is, weight of ablation material or weight of the 
entire cooling system, must be minimized. In these 
system.s the weight is proportional to total heat 
input Q. The optimization tends toward smaller 
nose-cone diameters because the rate of heat input 
varies inversely as the square root and the area 
varies directly as the square of the diameter. There- 
fore « qS « {l/VD)D^K « K/>V2. In the case 
of a cooling system, the weight of any pipes and 
pumps must also be considered. 

Ablation, The normal application of ablation is 
to limit the temperature of the structural shell or 
internal components of the payload. This tempera- 
ture limitation is the principal criterion. The niost 
desirable material, therefore, is one which has a 
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Fig. 9. Deceleration vs. altitude, (a) For constant re- 
entry velocity of 26,000 ft sec; (b) for constant re- 
entry angle of 90°. 


1000 



time, tec 

Fig. 10. Heating rate at the stagnation point of an 
hemispherical body vs. time for glide and ballistic en- 
try paths. 


hifsh heat of ablation and low thermal conductivity;. 
Material properties, however, do not necessarily 
pn.ssess these character isties simultaneously, to the 
same degree. Therefore, specific investigations or 
trade studies must he made to determine the mini- 
miJiri weight of nhlation material rerpiirc'd to main- 
tain the strurtiiral temperature within design 
limits. Care must be exercised to match the abla- 
tion material to the environment. For example, it 
the muxirniim temperature that would be reached 
without ablation is below 3000° F, quartz would not 
be considered because it does not ablate appreci- 
ably below 3000° F. Many materials will rapidly 
deteriorate without ablating if exposed to tempera- 
ture below their ablatiim temperatures and thus 
will not provide the needed protection for the struc- 
ture. The table lists typical ablation materials. 

Hvat sink. The heat-sink method is used for low- 
hall istic-coeflicient entering bodies. The basic ma- 

Typlcal ablation materials and properties 


Thermal Specafic 
Ablation conductivity, heal, 
tempera- iUu/(in.) .Btu/(lb)"Doiuiity, 


Material 

lure, *F 

(eecim 

("F) 

lb/ln.» 

Quartz 

4400 

0.1292 X \ 0 -* 

0.25 

0.0R391 

Acrylic 

250* 

0.4033 X lO"'' 

0..18 

t).04282 

Teflon 

1000* 

2.896 X 10 * 

0.25 

0.07523 

Rcfrusil'f tl% 
phenolic resin 2000* 

3.475 X 10-' 

0.23 

0.06366 


* Ealtint led. 
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terial properties of importance are the thermal 
conductivity, specific heat, and melting tempera- 
ture. For high ballistic coefficients, that is, 
W/CnA ^ 150, the heat-sink material melts, be- 
cause it cannot dissipate the heat rapidly enough 
either by external radiation or internal conduction. 

Cooling and transpiration. Cooling the vehicle 
by circulation of water, lithium, or other mediums, 
or by transpiration of gas or vapor, is limited by 
system complexity, reliability, and adverse weight 
penalties. 

Thermal protective svslems are time limited 
because the heat-absorption rapacity of the protec- 
tion system is continuously expended during the 
process. These systems, therefore, apply primarily 
to short durations (.5 10 min ). 

Lifting reentry. In manned applications, vehicles 
employing aerodynamic lift during reentry have 
several advantage^* over rero-lift ballistic bodies. 
First, the use of lift allows a more gradual descent, 
thus reducing the deceleration forces on both ve- 
hicle and oc'cupants (Fig. 81. Second, its ability to 
glide and maneuver within the atmo‘-phere gives 
it greater accuracy in either hitting a target or 
landing at a predelei mined spot. Third, it can 
accommodate greater errors of guidance systems 
because for a given deceleration it c-,in tolerate a 
greater range of entry angles. Fourth, gi eater tem- 
perature <*ontrol is afforded because aerodynamic 
lift may be varied to control altitude with velocitv. 

Figure 11 shows the equilibrium flight paths 
for a design acceleiation of unity and for several 
values of If /,S6/. where IT is vehicle weight, .S is 
lift area, and C/, is lift coefficient. Parameter 
U' .SY.’/, may be interpreted as a vehicle with fixed 
wing loading If S and varying lift Ci . 

The total time recpiired for a lifting vehicle to 
descend through the atmosphere depends on the 
drag characteristic’s of the vehicle. With high drag 



Fig. 11. Typical reentry traiectories for glide space 
vehicles. 


coefficients the time may be as low as 30 min and 
with low drag, approximately I- 2 hours. In the case 
of grazing reentries, .several orbital loops may be 
required to bleed off the energy, and reentry dura- 
tion can be measured in days. The relatively long 
times required for de.scent make the use of time- 
dependent ablation or cooling impractical. 

Heat dissipation. The rate of heating along a 
glide path is sufficiently low to permit use of thin- 
skin radiation-cooled structure except perhaps for 
local hot spots near the nose and leading edges. 

The structural shell without insulation can reject 
heat by radiation, its ability to do so being a func- 
tion of its emissivity c. At equilibrium, the heat 
input is balanced by the heaf radiated away. 

An emissivity of 0.% is readily available. A 
typical radiation equilibrium temperature for a 
typical point on a flat plate ib plotted in Fig. 11. 
Although the temperature at points A, B, and C is 
the same, the loading condition is not, a portion of 
the weight being carried by the centrifugal force 
which is velocity dependent. The structural load at 
A is greater than that at B or C. The designer can, 
within limits, by proper selection of vehicle geom- 
etry, weight, and aerodvnamic lift, lontiol the 
phasing of the temperature and loads. 

The designer can fuithei reduce the structural 
temperatureb by using insulation (with a cover of 
externally high emi'^sivitv ) over the hottest aiea of 
the vehicle and reradiating the heat to a cooler 
area of the vffh icic. For example, the lower surface 
of a glide vehicle which is at an angle ol alta(k is 
hotter than the upper sui fa« e. 

The designer has two options. First, the struc- 
tural margin ol safety can be increased b\ b»weiing 
the structural temperature with the above lech- 
nicpie; second, the reeiiliy coiridor can be extended 
in terms of altitude hv allowing the insulated ve- 
hicle to drop more deeply into the atmosphere until 
the original design temperature is attained. 

Thermal stress. One oi the most severe structural 
problems that can occur is the thermal stresses, 
whh'h arise as a result f»f temperature gradients. 
These temperature gradients result from such 
causes as heat sinks, transient heating, and manned- 
compartment cooling. Thermal stress fth is a func- 
tion of the coefficient of expansion a, the modulus 
ol elasticity F, and the temperature gradient AT. 
That is, fth « KAT^ within the proportional limit, 
where K is a function of geomelrv, material, and 
restraints. 

Thermal stresses will be produced in sandwich 
or conventional sheet-.st ringer construction if the 
thermal deformations are externallv constrained. 
Thermal stresses will also be prodin*cd in the ab- 
sence of external constraints, solely because of the 
incompatible deformations of the different parts of 
the body, as for example, a rectangular, aniso- 
tropic, sandwich panel with a temperature gradient 
through its thickness. The thermal stresse.s result 
in an effective reduction in the material allowable 
and leave little strength to carry the airload. 

Figure 12 illustrates tl^e thermal stresses lor two 
different materials used in brazed honeycomb con- 
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temperature* "F 


Fig. 12. Typical allowable, thermal, and airload stresses vs. temperature. 


stniction. It also gives the material compression- 
yield allowables vs. temperature and a typical air- 
load stress vs. temperature. 

The elastic thermal .stresses are computed for 
the typical temperature gradients associated with 
the maximum temperatures. If the vehicle is in- 
tended for repeated use, the compressive yield point 
cannot be exceeded. As an example, sandwich con- 
struction of high-nickel alloy M-252 < annof be used 
above 1660''F because the thermal stress equals 
the compressive yield stress at that temperature. 
The airload stresses should be added to the thermal 
stresses, thus' reducing even further the allowable 
temperature for material and type of construction 
under these conditions. The same curves are drawn 
for a titanium-molybdenum alloy. Its more favor- 
able (lower) coefficient of thermal expansion and 
its higher allowable stress in the higher-tempera- 
ture region result in a better sandwich. However, 
there are many practical problems to be solved in 
the brazing of molybdenum alloys. 

If the vehicle were designed for a single shot, 
the thermal stresses could exceed the yield point 
considerably without seriously jeopardizing the 
mission. However, tremendous benefits accrue if 
thermal stresses are eliminated. 


It is possible, with judicious design, to eliminate 
or drastically reduce the thermal stresses. One 
solution i.s to use corrugated panels (Fig. 13). The 
direction of the corrugations should be normal to 
the lines of constant temperature. For example, 
in Fig. 13, lines AB and CD represent lines of 
constant but not necessarily equal temperatures. 
The cover sheet should be as thin as possible or 
eliminated if not required for aerodynamic reasons. 
The thermal expansions or strains are accommo- 
dated by buckling of the cover skin at low stress. 


C 



Fig. 13. Typical corrugated panel. 
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The airloads normal to the panel are carried by 
simple beam action to edges AB and CD and into 
the internal framework bv short attachments. In- 
plaiie shear is tranainitted to the internal framework 
along all four .sides b> these short attachments. 
There, the panel is simply supported with ability 
to rotate at the edges. 

The internal framework in turn must be statically 
determinate in lespecl to the thermal expansion of 
its members. A statically determinate truss oi space 
frame meets this requirement. No axial loads are 
created in a statically determinate pinned truss 
iriespective of the tempeiatiire distribution 
throughout the truss. Other approaches are p<is- 
sible. The elimination or rediu lion in thermal 
stresses results in large dividends in either margins 
of safety or mission flexibility. 

High-ti^mpeniture waterials. Tlie extreme ther- 
mal environmcnl has reifuired matciials with 
higher temperature capabilitv than the standard 
aircraft steels and aluminum allovs. llipse ma- 
leiials arc the super allovs, Tefiaclor> allovs. and 
ceramii s. 

The super allovs which contain high peicentages 
of either nickel oi cobalt have a maximum iisetiil 
temperature range, under low stresses, of 1600 
2000 ’F. These albrvs ate n^adilv .ivailablc in thin 
gages and can be foiincd, livetcd. bra/ed. and 
fusion- or spot-welded wilh esscniiallv standard 
procedures. The surface of these allov*' is rapidly 
oxidized above IH00°F. Uowevei. the oxide forms 
an adherent coating that piot<*i*ts the metal from 
further oxidation and provides a high suiface einis- 
sivity fO.H 0.0 4 

The refractory allovs (cohimhiiim. inolvhdentiiii. 
tantalum, and tungsten) have higher densities than 
the super allovs but retain theii useful stiengtii 
fioiii d300"F (coliimhium) to <»vei 1000' F (tung- 
sten). All rcfractcuv metals uie oxidized eala- 
sti(»phic‘allv at high temperatiiie-. and surfac*e 
proteetion is recfiiiied. (aiatings have been devel- 
oped which protect molvhdeniim foi upproximaielv 
^00 hours at 'f00()°F and eolumhium foi several 
liouis at 2600 F. Columhiiim allovs are available 
in thin gages and can lie formed hv standard 
proeeduies. The cjiiulitv of thin-gage molybdenum 
allovs is not consistent and requiies hot forming 
because of their low duetilitv at room temperature. 
Manulacqure of tungsten allov sheet i«s in the 
development stage. Tantalum is similar to colum- 
hium exc-ept that it has a miiidi higher densitv. The 
refractory allovs can he joined h\ riveting, hut 
fusion-welding recpiircs smh special procediirc*^ as 
inert atmosphere. Spot-welding is extremely diffi- 

CMllt. 

Conventional ceramics retain fairly high 
strengths up to 1-000® F, and the more exotic ce- 
ramics are poteiitiallv usable to over R000®F'. Their 
high melting points and relative inertness to oxi- 
dizing atmospheres make them allracliye materials 
for leading edges and nose cones of glide vehicles. 
However, the lack of ductility presents serious 
design prohlems. 


Cost, on the ba.sis of dollars per pound, is not 
necessarily the criterion for material selection. 
Availability, strength, stiffness, weight, produci- 
bility, and cost of fabrication must also be ron- 
sidered. The final matetial selected will lie the one 
which results in the least expensive end item and 
best meets the design recjuireinent.s. See Safkllitk, 
ARTIMCML; iNTfcRPLANETARY PROPULSION; SPA( F. 
FLIGHT. [e.G.L.] 

BihliographY: R. A. Anderson and W. A. Brooks. 
Jr., Effectiveness of Radiation as a Structural Cool- 
ing Technique for Hypersonic Vehicles^ Inst. 
Aeronaut. Sidences Preprint S9-(}5; E. (i. C/arnecki 
and M. T. Braun, Structural aspects of earth glide 
reentry vehicles, Pror, Am. AstrounnutUal Sor.^ 
vol. 3. 19.S6; P. E. (»rafton and E. F. Styei, Rooster 
Case Design for Hypersonii Vehicles^ Inst. Aero- 
naut. Sciences Preprint 83.S. 

Space*time 

A term used to denote the geometry of the ph\si(‘al 
universe as suggested hv the theorv of relativitv. 
It is dUo called spac‘e-timc continuum. Vtheicas in 
Newtonian phvsics spac^e and lime had been c*nn- 
sideied cpiile separate entities, Mhert Einstein and 
H. Minkowski showc'cl that thev are actual Iv in- 
timatelv inteit willful. Isaac* NewtonV it]c*as on -^pac c 
and time mav he summarized as follows: 

1. Civen two events, each of whic‘h is c learlv 
localized ir^spac*e and lasts onlv for an instant in 
time, suc h as two strokes of lightning striking small 
targets, all observers will agree as to whic'h of the 
two events took t»Iacr c^arliei in time, oi whelhei 
they were iicluallv simultaneous. 

2. It the events were not simultaneous, the in- 
terval ot lime hetweeii them is an absolute eiititv 
agiec'd on hv all competent observers. 

.3. The spatial distance between the two t^vents 
i*- an absolute entity, ugrec*d on h> all competent 
obsi‘i \ ers. 

OI these three, the first assuinptiem, c-oncerning 
the c’onc epl of simiiltaiieitv of distant events, is the 
crucial one, the other two depending on it. Si- 
rniiltaneitv, however, can he given an unambiguous 
meaning only if there is available some instan- 
taneous method of signaling over finite distances. 
Actually, according to the theory of relativitv. the 
greatest speed of transmission of intelligence of 
any kind is the speed of light, r, equaling about 
.3 X 10'" c*m''sec* (.vee RnLATiviry). Moreover, any 
signal traveling precisely at the speed r appears to 
travel at that same speed to all <*onceivable ob- 
servers, regardless of their own states of motion. 
This is the only reasonable interpretation of the 
results of the Mirhel.son-Morley experiment and 
the effect of aberration (.see Aberration of light: 
Light). Accordingly, the question of whether two 
given events are simultaneous or not can be decided 
only with the help of signals that at best have 
traveled from the sites of these events to the station 
of the observer at the speed of light. 

Under these circumstances, Einstein showed that 
in general two observers, each using the same tech* 



niques of observation but being in motion relative 
to each other, will disagree concerning the si- 
multaneity of distant events. But if they do dis- 
agree, they are also unable to compare unequivo- 
cally the rales of clocks m<iving in different wuvk 
or the lengths of scales and measuring rods. In- 
stead, clock rates and scale lengths of different ob- 
servers and different frames of referenc’e must be 
established so as to assure the princ ipal observed 
fact. Each observer, using his own clocks and 
scales, must measure the same speed of propaga- 
tion of light. This requit ement leads to a set of 
relationships known as the Lorentz transforma- 
tions (see Lorkni/ ir\ivsi okmaiions). 

In a« <-ordan<*e with the I ortmt/ ttansformations, 
both the time intenal and the spatial distance be- 
tween two events are ielati\e quantities, depend- 
ing on ihi state of motion of the observer who Cur- 
lics out the measurements There is. however, a new 
absolute quanlJt> that takes the place of the two 
former quantities. It is known as the jnvaiiant, oi 
pioper, space-lime interval t and is defined as fol- 
lows: 

T- - 7’^ \ (1) 

In this ecpiation T is th»‘ oidinar\ lime inlet val, R 
th«* distance* between the two c\ent's and < the 
speed of light in eTn|il> sf>a< e. Wheieas T and R 
are diffeient loi diffeient ohseneis, t has the same 
\alue In the ewent that Eq (1) would rendei t 
imaginarv. its fdace inav he taken hv o. defined 
thus: 

cr- = (2; 

If both r and a aie zero, then a light signal leaving 
the location of one event while it is taking pi ce 
will teach the location ol the othei event piecis, Iv 
at the instant the signal from the lattei is coming 
foith 

The existence of a single invariant interval led 
the mathematician Minkowski to conceive of the 
totalitv of space and time as a single four-dimen- 
sional continuum, which is often referred to as the 
Minkowski iiniveise. In this univeise, the history tif 
a single space point in the ctuirse of tin^e must be 
tonsidered as a curve (or line), whereas an event, 
limited both in space and time, represents a point. 
So that these geometric concepth in the Minkowski 
universe may be distinguished from their analogs 
in ordinary three-dimensional space, they are re- 
ferred to as world curves (world lines l and world 
points, respectively. ' 

Minkowski geometry. The geometry of the Min- 
kowski univerae in some respects resembles the 
geometry of ordinary (euclidean) space but differs 
from it in others. The Minkowski universe has four 
dimensions instead of the three dimensions of ordi- 
nary space; that is to say, for a complete identi- 
fication a world point requires four pieces of data, 
for instance three space coordinates and a time 
reading. But there are in the Minkowski universe 
M^orld points, world lines, two-dimensional sur- 
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faces (including planes), three-dimensional sur- 
faces (often called h)persurfaces) , and four-di- 
mensional domaims. A h>persurfare may, for in- 
stance, he a spatial domain (volume) at one instant 
in time, or it may be a Iwo-dimen,siona1 (ordinary) 
surface for an extended period of time. Thus one 
may form all the geometric figures that are also 
po«^sible in a four-dimensional euclidean space. 

The indefinite metric. In a euclidean space there 
are the cartesian coordinate systems, those recti- 
linear systems of coordinates that are mutually 
perpendicular and whose C4>ordinate values corre- 
spond to real lengths. The distance ^ between two 
points whose (‘oordinate differences are X, Y. and 
Z. respectively, is given hv 

= X ' + 4 Z^ (3) 

The coordinate transf(»rmations that Icid from one 
cartesian coordinate system to another are called 
orthogonal coordinate transformations. Formally, 
they aie the (oordinotc transforniatjons that pie- 
serve the precise form of Eep (.3). l.ikewise. the 
l.orenlz transformations preserve the precise form 
c»f Eqs. (1) and (2), respectively. A cooidinate 
s\steni in whi(‘h the^e two equation^ hold is called 
a I oientrian frame of leference. 

Whereas the form on the right of Eq. (.3) is pos- 
itive definite, that is, always greater than or equal 
to /eio. the right-hand sides of Eqs (1) and 
(2) aie indefinite, that is, they may he positive or 
negathe. This fact represents the single but all- 
important difference between a foiir-dirnensional 
euclidean space and a Minkowski universe. The 
forms (1), (2), and (3) are called nietrh-s. Hence 
the Minkowski universe is said to possess an indefi- 
nite metric. 

As a lesuh of th< indefinite character of the met- 
lie. a triangle ir. the Minkowski universe may pos- 
sess one side that is longer than the sum of the two 
othei s: conversely, f>ne *»f the three sides mav have 
the length zero. Depending on whether r or <r is 
real, or both vanish, an interval is ilassified as 
liifi'-like spacelike, or a null-interval. 

Improper Lorentz transformations. In the Min- 
kowski universe there are three different tvpes of 
l.orent/ transformations involving some kind of re- 
flection. in addition to the more usual T^>rentz 
transformations (called proper Lorentz transfor- 
mations) The first type of improper U)rentz*trans- 
formation changes the sign of all three spatial co- 
ordinates but leaves the sense ot the time axis 
unchanged. This transformation changes a right- 
handed screw into a left-handed screw; it is also 
called a paiity transformation. The second type of 
improper Lorentz transformation interchanges 
the future with the past but leaves the spao-^ coor- 
dinates unchanged. This transformation is called 
time reversal. The third improper Lorentz trans- 
formation reflects both the space and the time co- 
ordinates; it bears no special name of its own. The 
original arguments which led to the formulation of 
the special theory of relativity all support the 
proposition that fhe laws of nature are invariant 
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light cone 

Two-dimensional sketch showing the three possible cone, called the light cone. An alternative Lorentz 

classes of intervals. The null-directions actually form a frame is indicated by the dashed lines, 

three-dimensional surface having the shape of a double 

under proper Lorentz transformations. They are handed screws, and that they should not discrimi- 

inconclusive as to whether the laws of nature nate between future and past. Certain difliculties in 

should also be invariant under the improper Lo- the interpretation of the decay of /iT-mesons led 

rentz transiormations. The laws of mechanics and T. D. Lee and C. N. Yang in IWb to suspect that 

of elect! odynamics have this property; the second these assumptions might not be tenable, and they 

law oi thermodynamics distinguishes between past suggested some experiments on meson decay and 

and future in a nonsymnietric manner, but it is usu- on radioactive jS-decay, which showed that in these 

ally assumed that this feature of thermodynamics particle transformations nature certainly discrimi- 

is to be explained by its statistical nature and that nates between left-handed and right-handed screws, 

it has no bearing on the properties of the under- See Parity (quantum mechanics). It appears 

lying bash dynamics. See Symmetry laws (phys- there are two kinds of neutrinos (electrically 

(cs). neutral particles which travel at the speed of Ught 

Until recent times, it had therefore been taken and are endowed with an intrinsic spin equal to 

for granted that the basic laws of nature should that of electrons). One kind of neutrino always 

make no distinction between right-handed and left- spins clockwise when viewed in the direction of its 
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travel, the other cuunterclocknviBe. The exact role 
of the improper Lorentz transformations in nature 
ib now under intensive theoretical as well as ex- 
perimental investigation. 

Curved space-time. Whereas the Minkowski 
universe is the appropriate geometric model for 
the special theory of relativity, the general theory 
of relativity makes use of a further generalization. 
In the Minkowski universe a particle that is not 
subject to externa] forces and which therefore trav- 
els along a straight line (in ordinarv space) and at 
a uniform speed is represented by a straight world 
line. In general relativity, an external gravitational 
force is indistinguishable ftom an inertial force, 
which in special relativity would arise if a noii- 
Lorentzian frame of reference were to be em- 
ployed. Accordingly one requires a four-dimen- 
sional spaie in which it is impossible to distinguish 
between a Lorentzian and a non-Lorent/ian frame 
of reference whenever a gravitational field is pres- 
ent. Such a space cannot he flat, as the Minkowski 
universe is, but must be curved. Such an aggregate 
is railed a Riemannian space. In a general Rieman- 
nicin space there are no straight lines but only 
<urvcs. See CroMnny. Rihviavntax; see also 
FrAMF of lUlFRFNcr fp.OR.] 

liibliography: See Rn aiivity 

Spallation reaction 

\ high-energy nuclear interar*tion which results in 
the release of large numbers of nucleons as reac- 
tion prodiKts. Willi sufficiently high bombatding 
eneigies, as many as 20 or more ejected particles 
have been observed, although only 7 nucleons 
are normally released in the reactions of highest 
vield. An example of a spallation reaction is the 
bombardment of arsenic-75 with 180-Mev deiiterors, 
leading to the production of iron-50 and the rebv^e 
of 11 neutrons and eight protons. The neutrons and 
protons may he ejected as individual nucleons or 
combined in the form of o-particles or heavier nu- 
clei, such as lithium-8. See Nun i ar rf action. 

fw.w.Bu.l 

Sparganosis 

An infec'tion by the metacestode called tl^e sparga- 
num, or plerocercoid, of certain species of the 
genus Spirometra. The adult stage normally occurs 
in dogs and cats. The genus has a life cycle much 
like Dibothriocephalus latus, and the plerocercoid 
commonly develops in the musculature of frogs, 
snakes, or aquatic mammals. The whitish, unseg- 
mented plerocercoid mav be more than a foot Ihng. 
If a host containing plerocercoids is eaten by an 
animal other than a suitable definitive host, the 
worms can reinvade the musculature or bf>dy cavi- 
ties of the new host and remain as plerocercoids. In 
the Orient freshly opened frogs are sometimes used 
as poultices on sores, particularly around the eyes, 
and if plerocercoids are present, they may invade 
the human tissues. Human sparganosis is rare in 
North America. See Pseudophyllidea. FR-S-FR.I 


Sparki electric 

A transient form of gaseous conduction. This type 
of discharge is difficult to define, and in fact no 
universally accepted definition exists. It can per- 
haps best be thought of as the transition between 
two more oi less stable forms of gaseous conduc- 
tion. For example, the traiibitional breakdown 
which occuis in the transition from a glow to an 
arc discharge may be thought of as a spark. 

Electric sparks play an important part in many 
physical effects. Usual]> the*'C are harmful and un- 
desirable effects, ranging fn»m the gradual destruc- 
tion of contacts in a <‘onveiitbmal electrical switch 
to the large-scale havoc resulting from lightning 
discharges Sometimes, however, the spark may be 
very useful. Examples are its function in the igni- 
tion system of an automobile, its use as an intense 
short-duration illumination source in high-*'peed 
photography, and its use as a sourer of excitation 
in spectioscop>. In ihe second case the spark may 
actually perform the function of the camera shut- 
ter, because its extinction renders the camera in- 
sensitive. See Spfc< irosi opv ; Sikohoscopk pho- 
l(K.RAPll\. 

Mechanisms. This pbenornenon is probably the 
most complicated of ail bums of gaseous conduc- 
tion It is exceedingly difficult to study, because it 
is a tiansient and because there are so many yaria- 
bles in the system. Some of these variables are the 
compements of the gaseous medium, the gas pres- 
sure, the chemii al form of the electrodes, the 
physical shape of the electrodes, the microscopic 
physical surface structuie, the surface tempera- 
ture, the electrode separation, the functional de- 
pendence of potential drop on time, and the pres- 
ence or absence of external ionizing agents. One or 
more of these conditions may change from one 
spark to the next. Because of the gieat complexity, 
it will be impossible to do more than touch on some 
of the main features in this article. 

The dependence of breakdown, or sparking, po- 
tential on pressure, p, and electrode separation, d, 
may be considered first. It was shown experimen- 
tally by F. Paschen and theoretically by .1. S. Town- 
send that the sparking potential is a function of 
the product pd and not of p or d separately (Fig. 
I). Further, there is a value of pd for which the 
sparking potential is a minimum. Thus, if it Is de- 
sired to prevent sparking between two electrodes, 
the region mav be cither evacuated or raised to a 
high pressure. The latter method is used in the case 
of accelerators of the electrostatic generator vari- 
ety. Here the entire apparatus is placed in a pres- 
surized tank. 

Qualitatively, one of the aspects of a spark is 
that the entire path between electrodes is ionized. 
It is the photon emission from recombination and 
decay of excited states which gives rise to the light 
from the spark. Further, if the spark leads to a sta- 
ble conduction state, the cathode must be capable 
of supplying the needed secondary electrons, and 
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Fig. 1. Dependence of sparking potential on pd for 
a sodium cathode in hydrogen gas. (From L. B. Loeb 
and J. A4. Meek, The Mechanism of the Electric Spark, 
Stanford Univ. Press, 1941) 

the condurtion state prodnred must permit the dis- 
charge of the intereleclrode capacitance at the very 
minimum. See Am: discharce: Electric:al c.^n- 
DIJCTIOIM IN gases; GlOW DISCHARGE. 

In a consideration of the mechanism involved in 
the spark, the time required for the breakdown of 
the gas in a gap is an important element. L. B. 
Loeb has pointed out that this time is oficn less 
than that required for an electr(»n to traverse the 
gap completely. This implies that there must be 
some means of ionization present other than elec- 
tron impact and that the velocity of propagation of 


this ionizing agent or mechanism must be much 
greater than the electron velocity. It seems defi- 
nitely established that this additional method 
must be photoionization. In the intense electric 
field which is necessary for the spark, the initial 
electron will produce a heavy avalanche of cumula- 
tive ionization. Light resulting from the decay 
processes will produce ionization throughout the 
gas and electrons at the surfaces by the photoelec- 
tric effect (Fig. 2). The electrons resulting from 
this will in turn produce further avalanches 
thnuigh the entire region, so that in a time of the 
order of 10 ** sec the entire path becomes conduct- 
ing. If the pressure is apy)roximately atmospheric, 
the spark will be confined to a relatively narrow 
region, so that the conducting path, while not 
straight, will be a well-defined line. If the external 
circuit can supply the necessary current, the spark 
will result in an arc discharge. At lower pressure 
the path becomes more diffuse, and the discharge 
takes on either a glow or arc characteristic. 

Figure 2 shows A, the electron multiplication of 
electrons by the cumulative ionization of a single 
electron liberated from the cathode by a photon ; B, 
a s<;c«>ridary elec'lron emitted from tlie cathode by 
a positively charged ion; C, the development and 
structure of an avalanche, positively chargt^d ions 
behind eleclroris at tin* tip; 1), the avalanche cross- 
ing the gap and spreading by diffusion; and F, an 
older avalanche when electrons have disappeared 
into the affode. A positive spac.e-charge boss ap- 
pears on the cathode at F. Ton pairs out from the 



Fig. 2. Processes occurring during on electric spark 
dischorge. (From L fi. Loeb and J. M. Meek, The Mech- 
anism of the Electric Spark, Stanford Univ. Press, 1941) 





trail indicate the appeal anee of photoelectric ion 
pairs in the gas produced by photons from the 
avalanche. E shows a photoelcction fiom the sur- 
face of the cathode produced by the a\dlatuhe. 

Theory. Mathematically, the theory of Townsend 
predi(*ts that the ( in rent in a self-sustained dis- 
charge of the glow variety will follow the equation 

g,ax 

1 — 

In this ecpiation. I is the current with u ghen plate 
separation Ji, /o is the current when x appioaches 
/ert), and or and y aie constants associated with 
the Townsend coeiruients. This eifuation repre 
sents the case wheic the electrode separation is 
varied while the latio of eicctiu field to pressuie is 
held i onst int. The condition for a spark is that the 
denominatoi appioach zero, oi 

7 » 

It has been indicated b\ Loeb that this (literion 
must be handled laictulU. Townsend's equation 
iea11\ ic]nc‘s(nts a steMdv-stale situation and it is 
licit being list'd to explain a tiaiisit'iit eflt't t If the 
intM t'sses uhitli ate iiivtdvt'd ait exaiiiirit'd mnie 
<ai<diill\ It .it>|»car'' that tlit'it slniuld |h' a dept iitl- 
ente tin /ci as well 1 1. it miiiikI 

BihUuiiiaphy : L. B I oeb. FundamrntuI Phh 
cssf A of Kltctiual DiiiiharKe in Gascs^ 19.19; I . B 
Loeb, Statistical failtirs in spaik disihaige meth 
anisms, Rei^ Modern Phys , 20:l*)l IfiO, 1918: 
I B I tieb and J. M. Meek. The Mediantsm of the 
FAutnc Spnth, 1941 

Spark chamber 

\ liarticlc dctccliM using an clet trie al diM liai .c 
in gas to provide a lelatheU prttise dctcirniiiati »ii 
of the tiaietloiies t)f ioni/iiig pailitles (see 
PARtifii DiiUlOK). I'he experirnenldl applica- 
lions t)f spaik (hdiubers tliffer liom those of spaik 
tounteis in the emphasis placetl on spatial icstdu- 
lion and in the use of a pulsed lalhtT than dc 
djst barge voltage. .See Scahk f miN 1 1 k. 

Spaik chambers, like tloud thainhcis, aie iisu 
.illy used in tonjiintfion with couiilcis to pioiide 
an initial selettion td events foi study. or spaik 
thamhers electiical pulsing provides a lime leso- 
liition of ordei one miciosecond instead of the 
inilliseconds icquiied for the expansion cloutl 
(hamhei. The recovery time ft»r spark chambeis 
is at most a few milliset onds. Spaik chambeis 
tuovide better spatial resolution, but worse time 
lesolution. than scintillation. Cerenkov, or solid- 
state counters. In many cases spaik chambeis with 
< ountercontrolled triggering operate with consid- 
erably less background than that obtainable in 
photographic emulsions and bubble chambers, for 
which post hoc triggering cannot be used. The 
''patial resolution of bubble cliambers (and par- 
ticularly of emulsions) is better than for spark 
ebambers. See Cerenkoi radiation; Scintilla- 
tion COUNTER. 

As large-volume or heavy-mass detectors, spark 
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chambers are relatively inexpensive to build, and 
a number of muiti-ton arrays have been used. The 
mateiial can be (‘hosen to suit the needs of a given 
expel iment. Paiticle kinematics may be measured 
accurately in I’liambeis of density low enough to 
avoid errors from ('oulomh scattering. 

The spaik chamber consists of two oi more 
rleitiodes in a cimtiolled gaseous cnviionmcnt. 
Following passage of a charged particle, and the 
neccssaiv decision-making bv associated counters, 
a high-vollagc pulse is applied to the electrodes. 
Avalanches from rlec Irons toinied in the gas h\ an 
ic»ni/ing particle lead to a dischaige defining the 
parlii le tiaic'dorv to within 1 mm or less. A noble 
gas hisiially helium oi iic'on ) at a pressuie of about 
one atiiiospbeie is (oinmoiily used in the chambers 
because of the modest electiic fields (about lO** 
volts tm) iequii(*d lor spaik development, and be- 
cause the spaik formation time is long enough to 
pel mil the dcvrlo]iinent of discharge's from two or 
tiioie chaiged itailiile Hacks oecuiring siimilta- 
nf'oiis|>. ('hainbeis c»hc'ii ccmsisi ol a number of 
nanow ( I cm) gaps which dc'hne partirle tra- 
|i*c tone's at spec ific lot at ions For widei ( < .SO cm) 
g'lp-. the pen foi inane e depc nd-« upon the* path of 
the pailiclf‘. boi tiatec Icuic's nearly along the 
electiic field linc»s. a dischaige lietwc'eii electrodes 
follows the tiajectoiv aceiiiately Foi fiajeeloiies 
tiansverse to the electiK field, chambers may be 
opeiatc'd in tin* “stieamcT" mode, with an electric 
pulse shoitcnied to arrc'st the discharge befoie full 
^patk devflopmcht This tuovidc^s foi identification 
oJ liaiecloiies in tliic*e dimensions at the expense 
ol light intensiiv. 

Oidiiiaiilv. spatk c hamhei iiifoiination is re- 
coidcd on film. Ihis is paiticulailv useful for 
wide-gap cliaiiibeis Foi narrow-gap c'hamhers, de- 
vice's liavf been dc'vclopc'd to lec'cnd data elec- 
tiic ally Thc*sc iiulucle vidicons to c'cmveit optical 
information to electrical signals, sonic chambers 
c'mploving the tiansii time of sound in the gab to 
measure spark ])OMlion. magaelosti ic tion eham- 
heis using sonic tiansit time in a inagnelostric'tive 
metal, and wiie rhainbers, in whvh at least one 
elec'tiode consists oi ihisely spaced wires, foi 
each of which a inagneric coie ic'ccnds the passage 
of spark cuiient. | W. A. wi.nzfl’] 

Hihfwi^raphw Infoimal Meeting on Filmless 
Spark Chamber IVchniciues and A^sociatc'd 0>m- 
piitci Cse. CERN 61- 30, Tune lo, 1964; W. A. Wen- 
zel, Spaik chambeis Ann, Rei Nud Sn\. 14; 
20.S, 1964. 

Spark counter 

A partiede defector which uses the ionization pro- 
duced in a gas by high-speed charged partUles to 
tiigger a spark between two electiodes (see Parti- 
( Lh Di m (OR ) . Spark counters leact in a very short 
time (about 10 sec) to the particle, and thus can 
be used for fast timing. The spark is visible and 
can be photographed. 

The principal components of a spark counter are 
two plane, parallef metallic electrodes, with a gas 
between the electrodes consisting of a mixture oi 



562 Spark gap 

argon and an organic gas such as xylene (see il- 
lustration). A potential difference of about 2000 
volts is placed across the electrodes, which are 
spaced about 2 mm apart. The function of the xy- 
lene gas is to aid in quenching the discharge which 
occurs between the plates when ions are produced 
in the gas by a charged particle passing through 
the counter. Although the response time of a spark 
counter is very fast, the counting rate is very low, 
since additional quenching must be provided by an 
electronic circuit which has a recovery time of 
0.2S sec. [w. B. frktterI 

Bihliographri J, W. Keuffel. Parallel-plate coun- 
ters, Rev. Sri. instr., 20:202-208, 1949. 

Spark gap 

The region between two electrodes in which a dis- 
ruptive electrical spark may take place. The gap 
should be taken to mean the ele<*trodes as well as 
the intervening space. Such devices may have many 
uses. The ignition system in a gasoline engine fur- 
nishes a very important example. Another impor- 
tant case is the use of a spark gup as a protective 
device in ele«*trical equipment. Herr, surges in po- 
tential may he made to break dow'ii such a gap so 
that expensive equipment will not be damaged. The 
dependence of spark-gup operation on smli factors 
us pressure, length, electrode characteristics, and 
lime dependence of p<itential is quite complicated. 
See Bkkakuowtn potknttat.; Spark, klkctric. 

[c. iJ. miij.er] 

Spark plug 

A device that screw.s into the cylinder of an inter- 
nal-combustion engine to provide a pair of elec- 
trodes between whh'h an electrical discharge is 
passed to ignite the romhuslihle mixture. It consists 
of an outer steel easing that is electrically grounded 
to the engine and a ceramic insulator that is sealed 
into the casing and through whicli a central elec- 
trode passes. The high-tension current jumps the 
gap lietween this electrode and a similar one fixed 
to the outer rasing. The electrodes are made of al- 
loys that resist electrical and chemical erosion. The 
parts exposed to the combustion gases are designed 
t<» operate at temperatures hot enough to prevent 
electrically eondueting deposits, but c:ool enough to 
avoid ignition of the mixture before the spjirk oc- 
curs. .Sec IcMTION SYSTEM. f \. U. ROCOWSKI 1 

Sparrow 

Any of a number of perching birds, of the order 
Passeriformes, and divided variously into families 
by different authors. The sparrows and their rela- 
tives, the finches and grosbeaks, are worldwide in 
their distribution. Those species that are streaked 
brown birds are usually called sparrows. In the 
eastern United States. 60 species are listed as spar- 
rows: all but 2 of these are native American spar- 
rows of the family Fringillidae. The English 
sparrow. Passer domesticus^ and its close relative 
the European tree sparrow, P. montanus^ belong to 
the Old World sparrows or weaver finches of the 
family Ploceidae. The latter is limited in this coun- 



The sparrow, (o) Song, Melospiza metodia (courtesy 
Hugh M. Holliday, National Audubon Society), (b) 
English, Papier domesticus (courtesy John H. Gerard, 
National Audubon Society), 

try to a small area in and near St. Louis, Missouri. 
The English sparrow is well known as one of the 
most successful of all introduced birds, being ri- 
valed only by the starling in this respect, and 
equally regarded as a pest. 

The native sparrows vary in size from the small 
('hipping, field, and grasshopper sparrows, scarcely 
5 in. long, to the relatively large and showy Harris’s 
sparrow. 7 8 in. long. Many ne.st on the ground: 
others nest in liiishes and trees. Most sparrows are 
migratory: some northern nesting species winter 
in the central states, and many winter in the south- 
ern states. Most sparrows are seed eaters as adults, 
hut the young are fed a diet of insects. The utiliza- 
tion of seeds rather tlian insects as adult food is one 
of the principal reasons sparrows may winter in 
relatively cold sections. The song of many species 
is feeble and unmusical, even insectlike, but some, 
like the song sparrow and white-throated sparrow, 
have melodious and pleasing songs. See PASSERI- 
FORMF..S: Starling. [j.d. black] 

Spatangoida 

An order of exocyclic Euechi noidea in which the 
posterior ambulacral plates form a shield-shaped 
area behind the mouth. The plates are arranged in 
two similar parallel longitudinal series. The struc- 
ture is termed an amphisternous plastron. Teeth 
are lacking; phyllodes develop, but without bourre- 
lets. Thus there is no floscelle (see Cassh^vloida)- 
The apical system is compact. The familiet^ are de- 
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Diagnostic characters of spatangoids. (a) Echinocar- 
dium cordafum, aboral view, (b) Posterior aspect, 
(c) Amphisternous plastron, (d) Apical system. 


fined mainly by reference to the fascioles, which 
are rihbcmlike bands of minute, close-set uniform, 
ciliated spinules on various parts of the lest (see 
illustration). According to their position, they are 
defined as anal, subanal, inner (surrounding the 
apical system), peripetalous (surrounding the 
petals), and marginal. The earliest forms were 
the Toxasteridae of the lower Cretan cons, which 
lacked fascioles and petals. The surviving Palaeo- 
pneiistidae arc deep-sea forms with an oval test, 
long spines, and weakly developed fascioles and 
petals. The Spatangoida are more specialized, hea/t- 
shaped forms which live in mud or sand. The order 
reached its maximum in the rnid-Terliary, but is 
still richly represented today in most seas. See 
Echjnoidka: Euechinoidea. fit. b. fell'1 

Spearmint 

This plant. Mentha spicata, a common mint now 
widely distributed in all parts of the norld, has 
long been regarded a prized aromatic. The leaves, 
both fresh and dried, are used as tea, for mint 
sauce and mint jelly, and to flavor sauces, soups, 
stews, and beverages such as mint juleps. Spear- 
mint is also a popular flavoring in chewing gum. 
See Tubiflorales; see also Si»rcE and flavoring. 

fp. D. strattsba(/ch] 

Specialized tissue 

There exists a common, fundamental chemical 
ground plan, of composition as well as of metabo- 
lism, to which all animals conform. The composi- 
tion of cells, the energy-yielding mechanisms, the 
s^ynthetic sequences, and the elaboration of enzymes 
are remarkably similar. With evolution, tissue dif- 
ferentiation becomes more and more prominent, 
each tissue specializing more or less completely in 
some particular form, or forms, of activity. This 
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differentiation does not fabricate new metabolic 
devices, but rather numerous secondary, specific, 
and adaptational variations, some of addition, often 
a perfection of a fundamental device, and others of 
omission. In the sections that follow, the special 
partitions of metabolic duties and adaptations to 
them by muscle, nerve, connective tissue, bone, 
tooth, blood, eye, liver, and skin will be surveyed. 
Some tissues are perfected in such functions as 
motility, transmission of impulses for the control 
and coordination of other tissues, the processing of 
metabolites for other tissues, the storage of nu- 
trients for future use, the segregation of tissues into 
discrete organs, the protection of tissues against 
physical and chemical injury, the transportation 
of nutrients and waste products to their respective 
destination, and vision. For a further discussion of 
these tissues see Blood; Bo\e; Eye; Integument; 
Liver; Muscular system; Nervous system; 
Skeletal system; Tooth. 

Muscle. This is a tissue that occurs in three 
types, striated (skeletal), smooth (involuntary), 
and cardiac (heart), all concerned with contrac- 
tion and relaxation. Their composition and metabo- 
lism arc not greatly different. The structural unit 
of striated muscle, the type for which most informa- 
tion is available, is the long, threadlike myofibril; 
it takes several of these to make up a muscle fiber, 
and many fibers to make up a whole muscle. Muscle 
consists chiefly of the protein artomyosin, formed 
by the association of two proteins, actin and myo- 
sin. The breakdown of adenosinetri phosphate 
(ATP) is the earliest detectable reaction in the 
euntractile cycle, and hence is the most immediate 
known source of free energy for conversion into 
the mechanical energy of contraction. Myosin cata- 
lyzes ihis breakdown. The continuous regeneration 
of ATP is accomplished by the hydrolysis of crea- 
tine phosphate and by other means. A most impor- 
tant property of muscle is its ability to do work 
anaerobically and to accumulate an oxygen deficit 
in which lactic acid is generated from glycogen at 
a rare in excess of its utilization. It is oxidized later 
in a recovery period. Besides glucose, the muscles 
use fatty acids as an energy source, at a faster rate 
during exercise. The mechanical efficiency of work 
is somewhat higher on carbohydrate than on fat 
diets. See Adenosinediphosphate (ADP) ; Ade- 

NOSINETRIPHOSPHATE (ATP) ; CARBOHYDRATE; 
Glycogen; Muscular system. 

Nerve tissue. Nerve tissue is distinguished chem- 
ically from other tissues by the high proportion of 
lipid material and, in the latter, the very low pro- 
portion of neutral fat. For example, the brain, 
accounting for some 85% of the total nerve tissue in 
man, contains 54% of lipid on the dry basis. The 
brain also differs from other organs in the body in 
its exclusive reliance upon the metabolism of car- 
bohydrate for its activity. The rate at which oxida- 
tion occurs in proportion to the weight of brain is 
many times that of other tissues under basal con- 
ditions. See Carbohydrate metabousm ; Lipid. 

The nerves transmit impulses from the brain to 
the tissues and vice versa. These impulses are as- 
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ftoiiated with biochemiral and electrical phenom- 
ena, but their nature i^ not fully understood. See 
Biopotentials and elilirophysioloca. 

Brain metabolism. The activity of the brain is 
cJosel> correlated with the biochemical events oc- 
curring within it. Its temperature is higher bv 
about O.S'^C in the waking condition than that of 
its arterial blood supply; its oxygen uptake paral- 
lels its functional stale. While the energy cost of 
mental activity is so low as to be difficult to dis- 
sociate from the incidental conc'omitant muscular 
h> pertofiicity, the continuing activity of the mid- 
brain and the medulla in controlling the functions 
of the viscera, the circulation, and lespiration rep- 
resent a metabolic load equivalent to one-fourth of 
the total oxvgen used bv the body under resting 
conditions. The activity of the btain is supported 
bv the energv-iich phosphate bonds in such oiganic 
c'ompoitnds as adenosinetri phosphate and creatine 
phosphate The known involvement of certain vit- 
amins in these activities is indicated bv the neiiro- 
logicat symptoms associated with the dietary de- 
hc’jcncies of thiamine, pvridoxinc. and nicotinic 
acid. See Brain; Nmcin; Thiamini ; Vitamin Bi. 

The nerve impulse. The passage of an impulse 
along a neivc fiber, or from one fiber to anothet, or 
from a teiminal fibei to a receptoi of scime kind in 
the target organ is associated with manv different 
phenomena, elcvtiical and chemical, changes in 
membrane fiermeabilitv and polarization, and in 
ion mcivement The difliculty in dec iding whicdi of 
these phenomena are piimarily lesponsible for the 
impulse and its c'ondiiction and tiaiismission is 
enhaiK ed bv the speed of these evc-nts; the veloc itv 
of the impulse is of the order of 120 m/sec, and 
theii fiecpiencv inav well exc'eed 300 pei sec. The 
energv released pei impulse is small, of the order 
of 10 cal cm . Whether the action potential ac 
companving a nerve impulse is the cause or the 
result of the impulse is unknown. The theory of 
chemic al transmission has assumed a dominant role 
in this c'onf using situation, with primarv emphasis 
upon the changes undergone by ac c'tvlc holine dur- 
ing iieive activity: free acetylcholine is nec*essary 
for generating the electric potentials that propa- 
gate the impulse in c'ondiicting tissue; the ion 
movements across nerve meinbianes appear to be 
assoc iated with the lapid intracellular hydrolysis of 
ac'f‘lvlcholine, the transmission of the impulse 
across nerve | unctions, the s\napses, is presumably 
due in parasympathetic nerves to the liberation of 
acetylcholine, while the recovery processes in the 
nerve, lestormg it to its original condition, are as- 
sociated with the s\nthesis of acetylcholine. The 
transmitter of neive impulses across the synapses 
of sympathetic nencs or to a receptor in the target 
organ has been named sympathin. Its chemical 
striictuie i- not known. See Achyi f holinf; Sym- 
PATUFTIC NERVOf^SSYSTFM. 

Glutamic acid and its derivatives. Among the 
free amino acids ot brain tissue, the molar con 
centration of glutamic acid, the monoamide, and 


the semidecar boxy Iated product, y-aminobutyric 
acid (GABA), account for some 70% of the total. 
For this reason, its therapeutic effect in mental 
deficiency and in epileptic disorders of the petit 
mal type has been studied extensively. Among a 
wide f ange of animals tested, GABA and the enzyme 
responsible for its production, L-glutamic acid de- 
carboxylase, are found almost exclusively in the 
brain. See Amino Aims; En/ymi ; Si-roionin. 

Connective tissue. Connective tissue binds to- 
gether and is the support of the various structures 
of the body. In modified form it or curs in cartilage, 
bones, and teeth Considered as a highly integrated 
organ, it is the largest in quantity in the mammalian 
body. Its maintenance and function depend on 
cellular metabolism. It is iharacteri/ed by the na- 
ture and dominant lole of its intercellular sub- 
stance. consisting of an amoiphoiis matrix in which 
die embedded fibers of various types It functions 
in the synthesis and storage of fat in adipose tis- 
sue and the slot age of minerals in bone, in the 
healing of wounds, and in antilH»dv formation See 
Aniihody : Boni . Carmi aoi : Tooiii 

idipose tissue. This tissue has a spe< lal strut tiire 
and a special tvpe of tell t apable of synthesi/mg 
fat from cdrbt»h\diatc at a late far supeiiitr to that 
tif the livei cell The fat stoied in this lis^^e may 
amount to SOS oi the bod\ weight of the animal 

Collauen Ctdlagen is the dominant piotein in 
the white fibers t»f connettivi* tissue whith are su 
pioniinentin tendon It changes to gelatin in boil- 
ing water Its t'ontent of the amino acid hydioxy 
proline, 1 kS t 0 . is so t harat leristu that thi*- 

bas bectime the basis t>f a me'thod for its quant it a 
tive analysis in animal tissues. Ascoibu and (vita 
min C) is essential for its foimation. but it is so 
inert nietabolicallv that defic ieiic v ot this vitamin 
in mature guinea pigs has little effec t on the « ol- 
lagen content of their tissues. Keticulin fibers dif- 
fer in structure from ccdlugen fibers, but retie iilin 
is similar to collagen in its chemical nature See 
Ascorbic acid; Pro tun. 

EJas*in, This is the characteristic juotein of the 
yellow fibers in the tonnective tissue*, found espe- 
cially in the aortic arch, the c horda lendineae of 
auricular valves of the heart, and the ligamentiim 
nuc'hae. It differs greatly from collagen in its amino 
acid composition, containing onlv l.lS-2.3% of hy- 
droxyproline, depending on its source. 

M ucoproteins, Mucoproteins are components of 
connective tissue fibers and greatly influence their 
physicochemical behavior. They contain in theii 
molecules, as a prosthetic group, a mucopolysac- 
charide such as chondroitin sulfate (in cartilage' 
OI heparin (in many tissues). 

Mucopolysaccharides. These are structural car 
bohydrates found in the ground substance of con- 
nective tissue and to some extent in the fibers, gen- 
erally being loosely bound to protein. In these 
compounds, amino sugars and sugar acids, -such 
as uronic acids, arc the principal units of structure 
The groups of mucopolysaccharides and the units 



to which they are rcdiH ed by t hemii a] pnn « dun «• 
or enzymatH methods follow hvdiuronu acids 
gliKiironiL acid glucosamine and acetic acid, 
(hondroitm sulfates glucuronic acid galac tosa 
mine, acetic acid, and sulfiinr acid, hepatins 
(potent blood anticoagulants) glucuronic acid 
glucosamine acetic acid and sulfuric acid See 
Hyalironk acid 

Bon6 metabolism. The metabolism of bone can 
be broken down into matrix and ground substance 
formation mincrali/ation giowlh remodeling 11a 
vet Sian rc*modeling and the legulatinn of the ionic 
composition of the bod\ fluids 

Matn X formation 1 his m < one c rnc d w ith the pio 
diution of collagen fiheis m an oiganic crcstallim 
form capable of refracting x ra\s |he ostcetblasts 
or bone making e c lls arc picsiimihh responsible 
for this le tivitv hut coiligcn formation « innot 
ptoe c c cl in the ahsc nc e of \ it imin ( 

(rround sub^tam t This suhstane e fills all of tin 
spaces httueen the collagen fihcis jnd the civstils 
e»f bone mineial It consists of protein ind c iibo 
ludritfs some of which aie fioUnie rs of ;>hic uronic 
Kid ind hcxosimincs in both sulfate d me] iin 
sulfated loims 

Hont rninfra/ Bcuic mine til coi responds most 
closely to h\dro\v ifiatite U i (PO|) ( i(OTI) 
The mine r il also c out iins c onsidc i ihlc iniounts of 
( iihonate andcitiate piohihlv c one < nti itc cl on the 
siirfac e s of the ipatite ci\sti|s toge the r with ‘-mill 
imoiints of Na K Mg ( I and F is lontinii 
nants The tremendous surface ire a of the minute 
ininei il crystals (200 100 in g) is well is the 
livdi ited ions bound to the suit tees c itiihute to 
the reac tiMt\ o| the c lyst il c oinplex Asthemsiils 
iiic!»*ase 111 numheis with age they displace the 
w itc r essc'iiti il foi then ieactivit> 

(rrolith nmoddina This accompanies me le i 
in hone length and dianietei and consists of resorp 
tion and redeposition of rnineial and maliix with 
i rontiniianc e of high leac tiyity 

Haiersmn remoddiriti Haversian n*modeling le 
htes to the hone units the Hiversian s> stems 
fosteons) c harac tc*ristic arrangeme nts of ccdlagc n 
fibers matrix and ground substance mineral de 
posits and yasculai elements The remodeling of 
these systems insures a continuing ficsh* supply of 
reactive bone Otherwise the continuing arcpiisi 
tion of minerals with age would lead to a meta 
iiolically inert bone incompatible with the life of 
the organism 

Regulatory agents The maintenance cif the cal 
(Him content of the blood pla‘-ma at the ph\sioloTp:ic 
hvel of about 10 mg/100 ml may occur both by 
passive ion tiansfer and bv an actiyc mechanism 
depending upon calcium citrate tiansfer under the 
(onlrol of the paiathyruid hormone and yitamin 1) 
The maintenance of a constant plasma concentia 
tion of inorganic phosphate is less well understood 
The involvement of vitamins A and C, and the ratio 

dietary calcium (Ca) to potassium (P) in bone 
Kiowth and maintenance is also well established 
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Sc e Tsi C HIM Mt TABOLlSM , IlORMOMl- , PHOSPIf ATF 
MIIABOl ISM 

Tooth metabolism, looth mc^tabohsm involves 
three clifTf rent mine raJjzcd struc tines enamel den- 
tine and cementum enc losing a pulp c hamber c on 
taming vasculati/ed connective tissue and cells 
PoU sac c haride reactions are found in each, sug 
gesting the piesence of nine oprotcin The fibrous 
piotein of tiu dentine and ccmientum i*- largely col 
lagen while that ot enaiiifl contains kfiatin The 
mine ral in all tliree striic tures m apatite \ two way 
titrme(ihil]t\ of dentine and enamel to labeled ions 
has been dcmonstiatcd by isotope tracer tech 
niqucs llowcxcr except ioi the shedding of dec id 
noils teeth It h*i-» ne\ei been dc monstiated that 
iny poition c»f the fully formed tooth is physiologi 
c ally removed by cellular resorption Cementum 
ind dentine nn suhiect only to ac cpiisit on of min 
enls tilt c n imi I is compIrteK piotectcd from re 
modeling 1 he paitic ipation of vitaniiris \ C and 
1) in tooth inetabcdi rn is revealed ui the lorre 
ponding ivitaminoscs Pol y s\c f n arid? Pro 
1II\ IllUtOls \llAIVllN \ VnwiiNl) 

Blood. HIcmmI is i c onljiiuoiisly ciiculating tissue 
th it is in civil imic c c|iiilil)iium with ill c»t)itr tissues 
\ii the c ipilliiv bed th It jxnctiatcs each and the 
Ivinph th it hithfs them It consists of cells the 
f tythroc vtc s mil h iikoc vtes md plate Ic t making 
u|) 40 of the volume and of plasma The 

blood volume of m iinm lls amounts to 7 10^ r of the 
body weight See Btoon 

Fornitd (hrmnis The red c i IK (erythioc ytes) 
c iftv the hemoglobin concerned with oxygen and 
c ithon dioxide tnnsfiorl I he white cells (leuko 
evtcs) lie nucleated Ihty ate concerned with the 
defense of the body igiinst hactrnal and viial in 
fe c 1 ion ind with the removal of c e IliiJar de hrjs | he 
plitelfts arc cohrlcss (»val disks containing pro 
teins and |)hospholipids iniic h of whic h is e c phalin 
They aie conceined with blood eoigulation In the 
adult the erythrocytes ^re formed in the red bone 
marrow the leiikoc vies m hone mariow but also in 
the spltei and Ivmph nodes and the platelets in the 
giant eells (me gakai voc vies) of bone mirrow 
spleen and lungs Sre HtMOc.ioniN 

Destrihtion of the red cells takes place in the 
spleen bone mairow and other similar (reticulo- 
endothelial) tissues I Ilf hiikocvtes a*e deMrovtd 
bv the macrophage cells of the spleen bone mar 
row and the ktipffci cells of the liver When blood 
IS shed the platelets disintegrate and liberate 
thromboplastic substances necessaiv for coagula 
tion 

Plasma proteins These aif classified as albumins 
or globulins dc pending upon then solubilities and 
salting out chafactcristus Farh of these gioups 
mav he sepni ited into several (albumin) or many 
(globulin) components Manv of the globulins aie 
mixtures of lipopioteins and lipid free proteins 
The immune bodies or antibodies ot blood belong 
to the y globulin frac tion l^ibrinogen is a globulin 
possessing the uni([tie property ot conversion into 
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fibrin in blood coagulation. See Albumin; Globu- 
lin. 

The liver forms all of the fibrinogen, essentially 
all of the albumin, and the larger proportion of the 
globulin fractions of plasma. Plasma proteins may 
serve for the formation and maintenance of tissue 
proteins. After protein depletion, or fasting, the 
reserve proteins of tissues can be used for plasma 
protein fi>rmatJon. See Fibrinogi^n. 

Transport mechanisms. These mechanisms in in- 
ternal respiration relate to the transport of oxvgen 
from lungs to tissues and of carbon dioxide (CO 2 ) 
from tissues to lungs. The transport of oxygen de 
pends upon the reversible leaction between the 
hemoglobin contained in the red cells and the oxv- 
gen dissolved in the blood plasma. While the mass 
action principle governs both the loading and un- 
loading phases of this reaction, the variations in 
the partial pressure of COj in the {ildsma increase 
the affinity of hemoglobin for oxygen in the pulmo- 
nary capillaiies, and deciease it in the capillary 
bed of the tissues. The transport of COj is effect«*d 
mainly as bicarbonate dissolved in the plasma and 
in combination with hemoglobin as carbamino- 
hemoglobin. 

The tiansport of minerals in blood, with the 
exception of sodium and potassium, is generally 
effected b\ loosely bound combinations with plasma 
proteins. The combination of ferric iron with a 
specific plasma globulin has been established; the 
unloading of the iron is probablv preceded by 
rediK tion of the iron to the ferrous slate. 

The lipoproteins of blood provide a mechanism 
for the transport of lipids in an aqueous environ- 
ment. Clinical interest in the plasma lipoproteins 
derives from the finding that thev may reflect pre- 
disposition toward the occurrence of atherosclero- 
sis, the characteristic lesion of which is u fatty 
deposition in the arterial walls. 

The blood plasma is an important transpoit 
agent for hormones, some of whic’h ( thyroxin, 
estriol) are known to be carried in combination 
with proteins. .See Iron meiaboiism. 

Eye metabolism. The metabolism and structure 
of the eye are concerned with vision, its efficient 
performance, and its stabilization. The eye’s sup- 
ply of nutritive material and its removal of metabo- 
lites and waste pioducts must be bv diffusion, since 
no blood vessels are found in the cornea, aqueous 
or vitreous humor, or the lens. The osmotic pres- 
sure of the eve and its various compartments must 
he very delicately controlled to maintain their 
proper relative hydration and a fairly constant 
intraocular pressure of 20 25 mm Hg. The trans- 
parenc v of the cornea is dependent upon its hydra- 
tion. For a conMant degree of refraction, the size 
and shape of the eyeball must be maintained. See 
Eye. 

The cornea is the window of the eye; the iris is 
the shutter regulating the amount of light ad- 
mitt/*d : the lens focuses the image upon the retina, 
the light-sensitive film in the ifundus of the eye 


which absorbs the light and transforms it into an- 
other form of energy, presumably chemical, which 
is carried by the optic nerve to the brain. 

Photochemistry of vision relates to the chemical 
changes occurring in the two light receptors of the 
retina, the rods, responsible for vision in dim light, 
located in the peripheral area of the retina, and 
the cones, responsible for color vision in bright 
light, concentrated in the central (macular) area. 
The substances absorbing light are pigments, rho- 
dopsin (visual purple) in the rods and iodopsin in 
the cones; both are proteins, resolvable by light 
into retinene (the aldehyde of vitamin Ai) and a 
protein (opsin) which is different in the two pig- 
ments. Each pigment undergoes a cycle of degrada 
tion when exposed to light and regeneration in the 
dark. 


Transformfitions of the carotenoids in the visual cycle 
{From A. White, P. Handler, E L Smith, and 0 Stet 
ten, Jr , Principles of Biochemistry, 2d ed , McGrow 
Hill, 7959) 

The visual c yi le for rhodopsin involves ihc cis 
trans isomerism of retinene: light isornenzes the 
fis-retinene to the all-trans configuration while it 
is still attached to opsin This probablv is the reac 
tion (eiidergonic in nature) responsible for visual 
excitation. The reversible oxidation-i eduction of 
vitamin Ai and its aldehyde involves a dehydro 
genase and the diphosphopyridine niic leotidr 
(DPN), containing the vitamin nuotinamide. In 
mammals, the isomerization of vitamin Ai possjbh 
occurs in the liver, the cis form being supplied 
continuously to the retina from the ( irculation. In 
continuous light, the system attains a steady stale 
in which the continuous restitution of rhodopsin 
allows vision to persist indefinitely at a lower le\el 
of acuity (light adaptation). See DiphosphopyRI 
DINE NUCLhoriDE (DPN ) ; Vision. 

Liver metabolism. Liver metabolism has beat- 
ings on the processes of digestion and on the di’^ 
position of the end products of dige&lion. In the 
formation of bile, it aids in the digestion of lipid** 
by promoting their emulsification in the intestine 
through the action of the bile salts in lowering 
surface tension. The bile also carries the bile pi|?“ 
ments, cholesterol, and various other components 
into the duodenum. The liver is the site of most of 




those reactions that involve alteration of foreign 
compounds or intestinal putrefaction products that 
cannot be metabolized readily. These detoxication 
reactions involve acetylation, methylation, mercap- 
turic acid and hippuric acid syntheses, oxidation, 
and glucuronide and ethereal sulfate synthesis. 
See Lipid metabolism. 

In protein metabolism, the liver aids in main- 
taining the amino acid concentration of the blood 
within narrow limits; it synthesizes all of the fi- 
brinogen and albumins of the blood plasma and 
most of the globulins; it is the chief site of re- 
moval of amino groups from amino acids by oxida- 
tive deamination or transamination, and the prin- 
cipal site of urea formation; it synthesizes and 
stores the reserve or dispensable protein. See Pro- 
riJN METABOLISM. 

In carbohydrate metabolism, it maintains the glu- 
cose concentration of the blood within narrow 
limits under normal conditions, mainly bv the svn- 
thesis and storage of glycogen, or as occasion de- 
mands, by glycogeno lysis; it converts nonglucose 
sugars into glucose. Here, also, segments of the < ar- 
bon skeletons of the amino acids metabolized in 
the body are converted into intei mediates that 
may be employed for glucose and glycogen syn- 
thesis. ,SVe CARBOHYORArE MI I AROLISM. 

In lipid metabolism, the liver is important in the 
synthesis of fatty acids from 2-carbon fragments, 
which aie either stored in the liver or released to 
the circulation for oxidation or stoiage elsewhere. 
The liver modifies dietaiy fatty d<ids h> shortening 
or lengthening their cat bon chains, oi by saturating 
or desaturating them to make them confoim more 
neaily to the fatty acids characteristic of the spe- 
( ies. The livei synthesizes cholesterol from acetic 
acid, with acetyl coenzyme A (CuA ) and acetoat ^ tyl 
CoA as the reactive intermediates. See Steroid 

The liver is preeminent in its ability to store the 
lipid-soluble vitamins. It is a notable storage depot 
for iron as ferritin. 

Skin metabolism. This relates to a large extent 
to the production and maintenance of the epidermis 
which is undergoing continual disintegration *md 
replacement. The outer layers of the epidermis con- 
sist of flattened cornified cells, the characteristic 
protein of which is keratin, a tough Insoluble al- 
buminoid. The desquamation of these cells sets the 
pace for the formation, differentiation, and keratini- 
zation of a new layer of cells, above the basal epi- 
dermal layer, and its extrusion to the surface. This 
renewal process in the human may take weeks for 
iompletion. Beneath the protective epidermis is the 
dermis, consisting of connective tissue with its 
collagen fibers and the mucopolysaccharide matrix. 
The basal layers of the epidermis contain melano- 
blasts, the cells in which the dark pigment, melanin, 
is elaborated by oxidation from the amino acid 
fyrosinc, a reaction catalyzed by the copper-con- 
taining enzyme, tyrosinase. The color of skin de- 
pends upon the concentration of melanin or of its 
slate <if oxidation. Ultraviolet irradiation of the 
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skin causes its darkening because of the oxidation 
of tyrosine, the formation of vitamin D by the 
alteration of 7-dehydrochoIesterol, and the trans- 
formation of porphyrins resulting in skin photo- 
sensitivity. f H.H.Ml.] 

Bibliography: E. C. Albritton (ed.). Standard 
Values in Bloody 1952; R. W. Brauer (ed.). Liver 
Function, Am. Inst. Biol. Sci. Piibl. 4, 1958; H. M. 
Leicester, Biochemistry of the Teethe 1949; R. W. 
Miner (ed.). Recent Ad\ances in the Study of the 
Structure, Composition, and Growth of Mineralized 
Tissue, Ann, N,l . Acad, Sn.^ vol. 60, 1955; W. F. 
Neuman and M. W. Neuman, The Chemical Dy- 
namifs of Bone Mineral, 1958; S. Rothman, Physi- 
ology and Biochemistry of the Skin, 1954; D. M. 
Suigenor, Blood- Some Functional Considerations, 
in D. E. Green (ed.). Currents in Biochemical Re- 
search, 19.56; R. E. Tunbridge (ed.). Connective 
Tissue, 1957. 

Speciation 

7'he term applied to the evolution of species as 
distinct fiom the evolution oi genera and other 
more inclusive taxonomic categories. Speciation is 
an aspect of evolution and, as su<*h, the modern 
petiod of its study began with the publication in 
18.58 of Charles Darwin’s and Alfred Russel Wal- 
lace's theory of evolution by natural selection and 
in 1859 of Darwin’s Otigin of Species. 

There was no problem of speciation during the 
peiiod when it was belie\ed that species were the 
product of special creation and, once <Teatcd. were 
stable. This concept of the fixity of species was held 
almost universally before the middle of the nine- 
teenth century but subsequently to an ever-decreas- 
ing extent. 

Darwin believed that there are two main compo- 
nents to the evolutionary process. First, within the 
population of a given species there is variation. 
That is, the individuals oi the population differ 
from one another in structure, physiology, and hab- 
its. Second, natural selection acts upon this varia- 
tion by eliminating the less fit. 'Phus, if any indi- 
vidual of a population enjoys an advantage over 
another in ability to find a mate, secure food, es- 
cape from predators, or survive the ligors of the cli- 
mate, it would have a beitei chance of leaving off- 
spring. Over the course of time its characlei istics 
would become more common in the population. Dar- 
win believed that natural selection acted by pre- 
serving these differences ot an adaptive nature but, 
since the differences were usually .slight or even im- 
pel ceptible, evolution took a very long time. It is 
still believed today that the dominant pattern of 
speciation is the slow accumulation of minute adap- 
tive differences. There are other known mech«.nism8, 
especially in plants, but these are of lesser impor- 
tance. 

Since Darwin’s time knowledge of the origin and 
nature of variability has increased tremendously 
(see Genetics; Mutation). The variability that is 
of importance in evolution originates as a conse- 
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quence of gene mutation and other changes in the 
chromosomes. Under natural conditioiih mutations 
are spontaneous in the sense that the stimulus for 
them to occur is not known. Mutations are also ran- 
dom in the sense that no specific relation exists be- 
tween the environment and the type of mutation 
that occurs. The basis of all evolutionary (‘hange, 
therefore, is an indeterminate event. If the new mu- 
tant form, that arises by chance, happens to be bet- 
ter adapted than the othei membeis of the popula- 
tion, it will have a superior chanc'e of surviving 
and leaving offspring. 

The species concept. In sexually reproducing 

organisms a species is a group of individuals that 
interbreed if given the opportunity. They share a 
common generic heritage, (ienerallv the individuals 
that comprise the species are similar to one an- 
other in habits, stniclute, and physiology. Under 
natural conditions the individuals of one species 
usually do not interbreed with individuals of other 
Species. This is nearlv alwavs line of animals, and 
to a lesser degree of plants, even though interbieed- 
ing between species mav oc<Mif under artificial erm- 
dilions. Under natural conditions, therefore, spe- 
cies are characterized bv intragroup matings and 
intergroup isolation. In organisms that do not re- 
prodiue sexuallv it is not possible to give an en- 
tirelv satisfactory definititm of a spr< ies. In these 
rases rnotfihological. physiological, or biochemical 
criteria are used in defining species. 

Types of speciation. It is nccessuiv to distin- 
guish two general sorts of speciation. The origin of 
new sper'ies r-an occur either through phvletic 
evolution or splitting. In phvletic evolution one spe- 
cies evolves until, after u long time, the drsc endarits 
are so diffenmt fn»ni the ancestral tv pc that one 
wmild sav the two are different species. At an\ one 
lime, of course, there is but a single species and a 
distinction cannot be made as to whrue oiu‘ species 
ended and the other began. In splitting, a single 
species evolves into two <»r more species. The events 
involved are the same as in phvletic evolution ex- 
cept that some extrinsic factor serves fi* split the 
single population into two or mrire gnuips. As a 
consequence there are two or more slimlv evolving 
phvletic lines. 

Geographic speciation. \ form of splitting 
known as geographic spe( iation is a common pat- 
tern of sppciaticm in sc\udllv reproducing animals, 
especially in the vertebrates (fish, amphibians, rep- 
tiles, birds, and mammals). In fait, geographic 
speciation is the onlv sort that is well documented 
in animals, though other fiatterns are theoretically 

possil)|i\ 

A hypothetical I'^land or c'ontinent is used to il- 
lustrate this type of speciation (sec illustration). 
On this land mass there is a temperature giadieni 
running in the north-south direction and a moisture 
gradient in the east-west direction. The land mass 
is div ided into three zones by barriers, such as high 
mountain ranges, that produce an isolated /z>ne in 
the southwest (A), northwest (|M. and snutheaM 


(C). The southwest is warm and moist, the north- 
west, cold and dry, and the southeast warm and dry. 

A species of terrestrial vertebrate arrive*^ in zone 
A and becomes established (Time 1 in illustra- 
tion). During this period genetic changes will be 
occurring and selection of favorable variations will 
result in an increasingly belter-adapted population. 
In all probability the population in /one A will now 
differ somewhat from the population from which it 
was derived. 

If a tew individuals are able to pass the barriers 
and enter zones B and C, they will cncountri two 
new sorts of enviTonments tor which they are not 
well adapted (Time 2 in illustration). As a result 
the course <if ciolution in zones Ft and (1 will be 
different from that in zone A. In zone B an\ vari- 
ants that arc bettei ad<ipted to the i ool div environ- 
ment would liave a betlej ihanie o| surviving and 
leaving off^-pring. Iri zone C. on the other hand, the 
course of evolution would be toward the piMteitiug 
of d pf»pulutiori adapted tit a warm and dr\ enviion- 
ment. 


Time 1 Single Species 

The* population is restricted to 
Zone A 



Time 2. Single Species 
Some individtois hove migrated 
to Zone B and others to Zone C 
Selection will promote the devel 
opment of a population adapted 
to a cold, dry environment in B 
and to a warm, dry environment 
in C 


Time 3. Three Subspecies. 
Fvolution through the seiection 
of spontaneous mutations in the 
three isolated populations has 
reached the point where each 
zone has its own adopted popu- 
lation These populations, though 
slightly different from one an- 
other, could still interchange 
genes, consequently they ore 
subspecies. 


Time 4. Three Species. 

The three isolated populotions 
have diverged to the point 
where Isolating mechanisms pre- 
vent the interchange of genes. 
If individuals from either Zone 
B or Zone C migrote back to 
Zone A. they eon occupy this 
zone together with the Zone A 
species without the danger of 
losing their specific identity. 

A model for geographic speciation. {From J. A Moore 
Principles of Zoology, Oxford Umv, Press, 195^) 





With the passage of time, and to the extent that 
the barriers between zones A, B, and C are effec- 
tive, there will be three different phyletie evolutions 
(Time 3 in illustration). The bariiers are of the 
utmost importance: without them there would be a 
continuousl) interbreeding population, and adapta- 
tion to the local enviionments would be slow. The 
population would become moie variable but it 
would not form different species; phyletie evolu- 
tion could occur but there would be no splitting. 

As each of the three populations continued to 
evolve in its own region, it would be diffii ult to des- 
ignate exactly a time when three species exist in 
place of one. After some divergence had occurred 
each population might be rerogni/ed as a distinct 
subspecies or geographic race. If the divergence be- 
caine great, each might be tentativelv regarded as 
a distinct spec'ies. A decision is commonly difficult 
because the best wav of telling whethei or not two 
or moie c lc»selv i elated forms are in fact different 
Species IS to observe iheir bebavioi under natural 
c'onditions and in the same region. If such popula- 
tions do not interbreed ihev are different species; 
if ihev Intel breed and evcmtuallv merge they foim, 
of c oiirse, a single spec les On the bvpothetit al land 
mass eac li of the populations remains in its own re 
gic»n, and ihe c ritic al test of whethc*r or not thev 
are diffeient specues therefore, cannot be applied 
The practical taxonomist would call them diffcrcml 
species il they had diverged to approxirnatelv the 
same degree as other “good” species m the same 
genus or family living in the same leiiitoiy It 
would also be possible to obtain some data that 
might suggest an answei bv attemptin*; to « ross the 
diffeient forms. If they could nc*t be ciossed this 
would be sufficient evidence tliat the forms had 
reached the species levcd of divergence If they 
c oil Id lie c rossed and pioduc ed normal offspring, no 
ccmcliision could be reached, since it is well known 
that inariv different forms can be crossed under 
ciitificial conditions, vet under natural c*onditions 
ihev behave as distinc I species. If some of the in- 
dividuals of zones B and C migrate back to zone A 
and theieafter do not interbreed with the endemic 
[mpulation of zone A (Time 4 in illustration), the ii 
distinctness as a species would be demon^strated 
Isolating mechanisms. The yiattern of geo- 
graphic speciation recpiires a regional isolation for 
the beginning of divergence. Within each region 
evolntionarv divergence ccciiis, and after the pas- 
sage of a long period of time the single original 
species will have split into two or more. The new 
species are recognized by their possession of iliec h- 
anisms that allow them to maintain their genetic in- 
tegrity. Such mechanisms are known as isolating 
mechanisms, since they serve to isolate the individ- 
uals of one species from all other species. 

There are many sorts of isolating mechanisms 
Some isolating mechanisms serve to keep individ- 
uals apart at the time of breeding. Thus different 
species may breed at different times (seasonal iso- 
lation) or in different places (habitat isolation). 
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Even if two species breed at the same time and at 
the same place they may be kept from crossing by 
sexual isolation. This involves a selection by males 
or females of their mates from individuals of theii 
own group and the i election of individuals belong- 
ing to other groups. See Breeding (animal). 

Seasonal, habitat, and sexual isolation operate bv 
keeping the males and females from meeting and 
mating, ft is probable that these three isolating 
mechanisms are the ones that usually prevent spe- 
cies from crossing in nature. There aie additional 
ones, however, that die characteristic of those 
species that hove diverged to such an extent that 
their sex c ells c annot c ornbine and produc e normal 
offspring. Thus, isolation may oc^eur through a 
failure of the sperm to fertilize the ovum, or by the 
death of the hybrid at some stage of its develop- 
ment Finallv. even if hvhrids are produced and 
reac'h the adult stage thev mav be sterile (as with 
the mule) and hence gene exc*hange between the 
two populations is impossible. See .Polypi oidy. 

There is a tremendous body of evidence, assem- 
bled during the past century, to support the notion 
that geographic speciation is the common pattern 
for the formation of new spec ies in the vertebrates. 
All gradations exist between populations showing 
slight geographic variation to those split into well- 
marked species. Geographic spec ration is especially 
noteworthy in those populations oecupying large 
land masses divided bv effective barriers (as in the 
wester 11 jiart of the United States) or islands (as in 
the southwest Pac ific) . 

Although geographic speciation is best known in 
the vertebrates it is iindoubtedlv common in other 
groups of animals Most other groups are less well 
known but, whc*n their species have been carefully 
studied, it is often apparent that geographic spe- 
( idtion has been operating. In many groups of para- 
sitic animals, however, il is clear that speciation is 
associated with the acquisition of new host organ- 
isms Thus the roundworm. AsranSs has one species 
in man and another in swine. There is no need to 
asaime that geographic speciation was responsible 
for this distinction. It is probable that the isolation 
of the two groups in different host spec ies was suffi- 
c*ient to allow their independent evolution. 

Hybridization and speciation. It is a common 
belief that the ability, or lack of ability, of two 
forms to produce hybrids is a sure indicalion of 
whether or not thev are different species. This is 
not so. Among the ducks, for example, there are 
many species that can be crossed under artificial 
conditions. Numerous intrageneric crosses have 
been made between various species of frogs and 
toads and in nearly half of the cases the hybrid.s 
develop at least to the juvenile stage and could 
probably reach the adult stage Intrageneric crosses 
of fish species frequently result in normal off- 
spring and theie arc a few cases of crosses of spe- 
cies belonging to different genera. Among the 
mammals species as different as the lion and tiger 
or cattle and American bison can be crossed. 
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In bpitr of the widespread ability lo rross under 
artificial conditions, h\biidixution is rare under 
natural conditions. 

There is one special sort of speciation. bowe\er, 
in nhich h\hridization pla\s an important role. 
Up to now, this is knoun to occur onb in plants. 
It consists <»f h\bridi/ati(»n ot different species 
followed by the doubling of the chromosomes of 
the hybrid. In older to understand this t\pe of spc- 
cidtinn it is first ne(essar^ to explain one sort of 
h>biid sterilit\. 

It is a common oc(‘nrrence for the h>hrids be- 
tween two species to be sterile. Steiilitv ind\ be 
l»re-.enl e\en tluMi^h in other respects the livbrid 
individual is normal and vigorous. \ familiar ex- 
ample is the mule, a sterile hybrid resultinii from 
the cross of a female horse ami a male ass. 

The steiilitv of hvbrids is usiiallv a matter of 
their inahilitv to prodiuc mutual ova or sperm. 
This, in turn, is often the result of fheir having in- 
herited < hnimosomcs from the two parental species 
that arc so different that sperm or ovum meiosis is 

im|>ossi|ih» (Afc Miiosist 

In a normal individual (not a hvbrid) the chro- 
mos*unes in the ( ells from which <»va or sppims will 
be foirned are present in homologous pairs. Thus, 
if there is a total of eight < hiotnosornes. these 
would lonsist of four pairs. We < oiild designate 
these < hromosomes as \ \. BB, ('C, and DI). One of 
the essential features of noimal ovum or sperm for- 
mation is the pairing of homrdrrgous chromos<imes. 
Thus the two \ < hromosomes will pair w’itb each 
other, the tw^o Bs and so on. This occurs at the be- 
ginning of the process, known as meiosis. whic'h 
will result in the number of ( hnunosornes being 
halved \l the end of meiosis ea( li ovum or sperm 
will have one (hromosome of everv kind, m»rmallv 
one ea* h of A, B. ('. and I), 

Suppose that a hvbrid is formed of two parents, 
fine having (hnunosornes \ \. BB. fl('. 1)1) and the 
other having EK. FF. (J(i, HIT. It will receive chro- 
mosomes A, B. (!. I) from mie parent and E, F, 
(». II liom the other. These two groups of different 
(hromosomes rnight peimil m»rmal development of 
the hvbrid individual but there would be difiieiiltv 
in mciiisin. It would be impossible for (lairing to oc- 
cur Ik cause no two chromosomes in the set. A B 
C I) F F (i H, are alike. As a consi'quence meiosis 
('ould not (Kciir and no ova or sperms would be 
t(»rmed. 1'hcse events are a Ireiprent cause of hybrid 
sterility. 

There are a few instances where hvbrids have 
circumvented these difficulties by doubling their 
chromosomes. Fot example, if a hybrid with chro- 
mosomes A B <4 1) E F (r U should have an abnor- 
mal mitosis (cell division) in wiiich the chromo- 
somes would dupli('ale but the cell would fail to 
divide, theit this ('cll w(uild have twice as many 
(hromosomes as before. Of greater importance, the 
chromo^-omes would be in homologous pairs, since 
the set would now be A A BB CO l)D EE FF GO 
HH. If, in the course of development, this cell with 


the double set of chromo.somes gave ri.se lo a part 
of the jdant where the flowers formed, normal mei- 
osis could occur and the (dant could produce nor- 
ma) s(‘\ cells. Each sex cell would contain the chro- 
mosomes ABCDEFGII. The fusion of two such sex 
cells wrnild pn»duce a new plant with the chromo- 
somal constitution AA BB CC 1)1) EE FF HH. 

The original parental plants, each with eight 
chromos(»mes in the piemeioli(‘ i ells, have a diploid 
niiinber of (‘hromosomes. The hvbrid when first 
formed also had eight (’hromosomes and was like- 
wise diploid. When these doubled in the atvpi(’al 
mitosis to result in Ifi chromosomes, a tetraploid 
arises. It could not cross -normallv with cither par- 
ental spiM iev and hence it would constitute a new 
sp(-ci>s. Ill plants, theielore, hvbiidizalion followed 
h\ a doubling of the chromosomes can lead to the 
formation of new spei ies in a verv biief period of 
lime 

There are sev(Tal well-andlv7(*d instances of the 
formation of new spec ies bv this method. Primula 
heuvnsis originated in this manner from P. flan- 
huntla and f rtfirillatu. P. Hotihunda and P. r»c/- 
tidUata each have 18 (hromosomes and their sex 
(ells would have nine. When these are crossed a 
hvbiid with 18 chiomcisomes is formed This indi- 
vidual is sterile her arise the eight Untihunifi diro- 
rnosonies will not pair iioimdllv at rn(‘i(»sis with the 
eight vertirillata chromosomes. I\ hfuntsis wa- 
formed when one of the hvhiids doubled its chionio- 
soines to il^xluce a complement of 32. When this 
occurred everv Ivpe ol chromosome was repre- 
sented twice and meiosis (ould (»ccur noimallv. 

There is a similar origin for a grass that occurs 
along the southern coast of England. Spathmi 
touTisendii. It has 12() chromosomes and was pro- 
duced bv the crossing of S. strirta (s(‘x (ells with 
28 chromosomes) and »S. alterniflora (sex ('ells with 
35 (‘liiornosoines ) to form u hvhiid with 63. 1'he h\- 
hr id douhled this number to prodiK’c 126. 

Polyploid series in plants. There are other types 
of speciation in plants, and possibly in animals, 
that are associated with changes in chromosome 
miinher. Thus, in some closely related species the 
chromosomes are in multiples of some basic num- 
ber. There arc three species of wheat {Tritivum) 
with chromosome numbers of 14, 28, and 42. Here 
the basic huphrid number is 7 and the other spec ic^ 
have doubled (14) and tripled (21) this number 
There are many genera of plants in which the chio- 
mosomes of different species exist in polyploid se- 
ries of this kind. 

Introgressive hybridization. Numerous exam- 
ples, among both plants and animals, suggest that 
the process of geographic speciation is. to some ex- 
tent. reversible. These are situations where two or 
more “sf»ecies” that originally occupied different 
areas have sjiread and invaded one another’s terri- 
tory. In the zones of overlap there is considerable 
hybridization with some gene exchange between the 
different species. It seems probable that this intro- 
gressive hybridization c'an be explained by aissinn' 



ing that the extnnsu isolating methanisms that 
originally kept the groups apart have hrokrn down 
Furthermore, this ocrurted befoie the isolated pop 
Illations had evolved effective intrinsic isolating 
mechanisms \s a result interbreeding occurs and 
there is a partial merging c»f the partially diffeien 
tiated populations 

Introgressive hybridiracion is frequently assoc i 
ated with changes in the environment an a lesiilt of 
man’s activities Original habitats are desiroved 
new ones aie created and barriers to dispeisal aie 
erased 

Theie is considerable introgiession among the 
species of oak trees m the eastcin Ifnited States 
Among animals intiogression is common in the 
toads of the genus Rttfo The Arneticaii load and 
Fowlei’s toad foi example ha\e lost some of thfir 
distinctiveness m aicas whcio they occiii togethei 
In these legions the individuals var\ all the wi\ 
from typical examples of American load through 
numerous intermediate stages to typical examples 
ol fciwlc r’s toad 

C onccivably introgressive b\ bndi/ation could it 
suit in the fusion of two origin ilh distinct |)opu 
I It ions into one 

Ecotypes, \nother pattern of evolution that has 
been studied in plants is the formation oi races and 
vpccus in relation to c h ii ic teristn incl rcstiictcd 
cnviionmcnts Flu term ecotype w is introduced bv 
( I uresson who observed th it in inanv (dant spe 
(ics well marked varieties exist and each vane tv is 
icstnctcd to one habitat In southern ^wed'ii Hi 
tntdutn umhfUatum consisted of five ecotvpcs i 
shifting dune ecotype a siationmd le ciolv|ie 
two different ecotypes on the sei c liffs and a wood 
1 md teol\[)e These hve ecotypes diffcied in rnanv 
respects such as slructuie of the leaves flowi 
and sterns time of flowering and ibilitv to rtgen 
crate These ecotypes maintained their distinctive 
features when grown together in an c xpei imcntal 
r,aiden 

Numerous studies of plants living in the varied 
environments of the western United States have re 
vealed the presenc^e of eeotypes In Calif oinia l*'* 
yarrow 4(hillea occupies a vaiiely of habitats 
from sea level to an altitude of 11,000 fw and dif 
feting considerably in rainfall and lemptrattirc 
Tvery type of habitat except the true desert has a 
race of Athillea A study of the local popiilaticnis 
in a 200 mile east west transect showed that eleven 
distinct ecotypes are present This represents the 
number of differently adapted populations neces 
*ary for this one spec les to occ upv all the hahftats 
in this transect that encompasses sea cliffs coastal 
mountains, valleys and high mountains There is 
•^ome interbreeding in the areas where the ecotypes 
* ome in c ontac t with one anolhei 

The factors involved in the evolution of ecotvpes 
'ire the same as in geographic spcciation Oenes 
diat confer an advantage upon the individuals of the 
copulations arc increased in frequency by natural 
'•Hec tion The noteworthy aspect of eeotypes is that 
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they can be formed in rather restricted habitats 
They ate examples of geographic sfiecialion where 
the areas involved may he small in si/c and consist 
of d fairly uniform and restiieted habitat 

1 1 A MO I 

Bibliography 1 Dob/hanskv, Liolution Cnitt 
us and Man IQS'S T Dobzlianskv (winttus and 
the Origin of Specus, ^d ed , l^Sl U (r Simpson 
/ hi Majof Fiatures of h volution^ 19S1 

Species concept 

The idea of the spec us as a biological unit oi cn 
lity I he term spec us has its roots m the tvpologi 
cal philosophy i»f the C^icc^k logicians but the on 
gin of the ctmcppt m biolc»gv is genc^rullv cieditfd 
to the Pnglisli naturalist John Kav (1628 ITOS) 
Its hrm cstablishnunt in biological science it 
suited fiom the influence of the Swedi h naturalist 
I innaeijs (1707 1778) who not onlv applied the 
concept unitormlv to the animal and plant king 
doms but at the same time provided the useful bino 
niial svstein of nomenclature by which species are 
designatcvl (s<« Pi VM c i Assn ic aiion /oolog 
ic AT NOMi-\c I All III* ) The idea of spec us is fun 
damental to all biologic al r^seaic h and is espec lullv 
impoitant in those fields of biologic al sc unc r whic li 
aic (oinparalivc The species problem is at the tort 
of ininni ind pi int svMemalic s 

Historical aspects. I mnaens at leist in bis 
earlier writings ic feired to species as having been 
separately ‘cieatcd’ and their niinbti unehangecl 
“from the beginning ’ Undei the prevailing doc 
trine of separate c reation eac h spec les was asmiine d 
to be descended from an oiiginalh created pair 
IinniPiis conceived t»f llu species as a class t){ 
siinilit individuals wine h with due c cmsideration to 
obvioii'^ differences resulting tioin age and sex not 
onlv exhibited a c onsianc v of foim and stiuctuie 
permitting of precise and obicctive definition but 
had a icalitv in natuie Individual variations weie 
kr>own to him but they weie c la'ssed mostly as 
Ireaks or varieties ( ‘varietas”) This concept of 
the con tain V ind morphological distinctness of 
species was the imtiiral result or studying local 
faunas and floras where the lines of demarcation 
(gaps) between species are greatest Vs a result, 
the “species” of such a concept are essentially non 
dimensional (F Mavr) 

Darwin a traveling naturalist and student of 
dome»*ticdted plants and animals was impressed 
with the vaiiation exhibited by species and the ar- 
bitrary nature of their limits From these studies 
emeiged his concept of evolution expressed in The 
Origin of Species through Natural Selection 
(18S9), which gradually led to a concept of spec les 
having dimensions in time and space (multidimen- 
sional species) I he rediscovery of Mendel’s laws 
of inheritance, and developments in the held of ge- 
netic s provided an explanation for individual van 
ation and resulted ultimately in the cone ept of spe 
cies as populations or groups of populations which 
actually or potentially interbreed, but are repro- 
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durtively isolated from other such populations; 
that is, individuals of different species are unable, 
or rarely able, to interbreed and produce fertile off- 
spring;. This frenetic al concept, often culled the bio- 
logical species concept, which has been emphasized 
particularly in the writings ot Ernst MaM. is ac- 
cepted in piinciple by most biologists concerned 
with living groups of sexually reproducing plants 
and animuN. hut it can onlv he applied indirectiv 
to fossil formv and scarcely at all to groups of oi- 
ganisms in which reproduition is asexual or pai- 
thenogenetic. Furthermore, since speciation is a 
continuing pniccss, the degree of differentiation of 
related species in nature i\ill var\ greatly. Neyer- 
theless, although biologists have been unable to 
agree on a species definition applicable to all kinds 
of organisms, most do accept and utilize a spe« ies 
concept which is inler]>reted with remaikable uni- 
foimitv and agre'ement in actual taxonomic piac- 
tice. In pait this no doubt results from the fact that 
alt hough morphological characters still proyide the 
liasis for firactical species recognition in mo^t 
groups of oiganisms. phvsiological, genetic, elho- 
logical. and ecological criteria are being utilized 
to an increasing degree to test the validity of pie- 
liminaiv conclusions leached on morphological 
grounds. 

Population aspects. Emphasis on population 
aspects of the species problem has focusc*d atten 
tion on variations within the spec*ies and their sig- 
nific'ance in taxonomy (.see Animal FvcninioN; 
Anim\i sysumaiic s). The most significant of such 
cMtegories of variation is the geographically defined 
infraspecihe p<»pulation (deme) or group of local 
tiopulatioiis, the subspecies. Subspecies differ tax- 
onomic ally and genetically as well as geographi 
calK. Sinc’c the taxonomic characters which sefia- 
latc them ate usual] v ciuantitative. ofunions vary as 
to how different two or more populations should be 
hefoie thev should be recognized foimallv in 7oo 
logical nciinenc Idtiire. .Some sysiematists regard 
them as namahle if of the individuals of one 

or two siibspcM ies can be distinguished from all 
those of another; others regard them as namahle 
if of the indiyidiials in the two populations 

can be c’orrectly assigned by means of taxonomic 
characters without refeienc*e to localilv data. How- 
c'ver. neither of these applications of the so-railed 
rule has as >el become generally accepted 
taxonomic* prewedure. 

A species made up of recognizably distinct pofui- 
lulions, espec'ially subspecies, is referred to as poly- 
Ivpic : one that is relatively uniform throughout its 
range, as moiiotypic . However, the taxonomic char- 
acteis of a variable species may exhibit a chaiaeter 
gradient (dine) and c'hange gradually through a 
seiies of continuous or adjacent infraspeeifir popu- 
lations. fsvo oi more spec ies which occupy identi- 
cal or broadly overlapping geographical areas are 
teirned sympalric; those which occupy mutually ex- 
cliishe, but usually adjacent, geographical areas 
are allopatric. Species which occur together in 


time, more particularly at the same geological level, 
are designated as synchronic; those which are sep- 
arated in time are allochronic. A variant which oc- 
curs at random in the species and which comprises 
only certain individuals of a population is termed 
a variety. Since these are arbitrarily selected indi- 
viduals and the term does not apply to populations, 
it has little taxonomic significance though Latin or 
latinized names arc sometimes applied to these and 
to seasonal and other polymorphic forms. | k.g.li.] 

Bibliography: .1. Huxley, The New Systematirs^ 
1940; E. Mayr, Systematirs and the Origin of Spe- 
cies^ 1942; E. Mayr, E. C. Linsley, and R. L. 
Usinger. Methods and Principles of Systematic Zo- 
ology^ 1953; The Species Problem^ AAAS Publ. 50, 
1957; P. C. Svlvester-Bradley (ed.), The Species 
Confept in Paleontology^ 1956. 

Species population 

A Kroup of ‘•imilar organisms residing in a defined 
space at a certain time. Although species have geo- 
graphic ranges, their individuals typically are not 
scattered over the entire aiea, but occur in groups, 
the spec ies populations. These follow more or lesv 
discontiniioiis spatial patterns. The size nf su< h 
groups and the niimbei of populations into whit h a 
species may be divided vary. In the ulrnoal exliiut 
whooping crane (Or/is arnetuana) the eiitiie spe 
cies ftirms a single population. For a common bird 
like the English sparrow (Passer domcsticus) 
many groupings ma\ be dc‘fined,. whose size depends 
upon convenience for stmie particular study. All the 
sparrows of a single farm, or of (Jreat Britain or 
even America may cimslitiite a species populatitm 
Often a population is not completely separable 
from nc ighhoring gioups. 

One can describe populations as static units at 
some instant of time, but thev can be explained 
onlv in developmental lei ins. The c’omponent living 
individuals, which aie born, respond to their envi 
ronment. and iillimatelv die, t onfer on the popiila 
tion certain statistical attributes. These attiibiites 
provide the basis for the group concept. Birth, 
death, immigration, and emigration rates deternunt 
density, age distribution, and sex ratio, and are re- 
lated to dispersion and genetic constitution of the 
population. .Sec Populaiion dynamic s. 

Population density. This is a familiar concept 
in human populations, where it is customarily ex- 
pressed as the number of people per unit area, fot 
other organisms different scales are more suitable: 
bacteria are measured in numbers per c’ubic centi- 
meter. Often the biomass, the amount of living nia 
terial, is more instructive than are numbers alone' 
Numbers of fish in a lake are complemented bv in 
formation about their size. Among many popula- 
tions, whose individuals move about, density mu^it 
be estimated by elaborate sampling techniqirt'*' 
The development of better methods of estimation i** 
itself a significant part of population research. 

Dispersion. Dispersion modifies the interpreta* 
tion of density. Organisms within a population are 



often not randomly distributed, but occur in clus- 
ters. Such clumping or infradispersion may be his- 
torically caused — heavy seeds of a plant fall close 
to the parent. lx>cal differences in habitat may be 
responsible in dry weather earthworms concen- 
trate in moist spots. Animals are often social-- 
conspicuous examples occur in the family groups 
of some warm-blooded vertebrates, but less appar- 
ent yet significant sociality is a widespread phe- 
nomenon. In contrast to clumping, which is com- 
mon, uniform spacing or superdispersion is rare. 
Except in artificial examples such a com field, 
carefully planted with stalks equidistant, suficrdis. 
persion is caused by intolerance between individ- 
uals, as in the territ<iries established bv nenting 
birds. .See Popitlation nispnasioN; Social ani- 
mals. 

Age distribution and sex ratio. In some organ- 
isms, as in annual plants, all members of tlie popu- 
lation are equally old. More commonly many age 
groups exist simultanccmsly whose populational 
cffecis are not the same. Age distribution affects 
subsequent population growth through birth and 
death rotes and is in turn affected by these. A con- 
stant proportion of organisms of any age group is 
attained liv any population with constant age-spe- 
cific birth death, emigration and immigration 
lates. Age distributions often fluctuate as a result 
oi variations in these rates. In c’ertain species simi- 
lai changes in sex ratio are common. C.haracteris- 
tically a growing fiopulation has a high pioportion 
of voiing individuals, with age structure shifting 
more toward older organisms when population 
giowth rate dec-lines or even bcTomes negative. Age 
distribution in some, but far from all populations, 
i an he determined as a result of some discontinu- 
ous growth process. Annual rings of trees, bsli 
Stales, and certain bones vield information as to 
the age of individuals. 

Genetic constitution. Except for clones of lowet 
oigariisms populations detiveci frc»m a single an- 
cestor hv repeated asc*xual reproduction mem- 
bers of a population differ in hereditary makeup. 
The heredity of a group is definable as an array of 
gene frecpiencies for various inherited characteris- 
tics. This array is constantly and sometimes rapidly 
nutdified by mutation, selection, and immigration. 
(»enetic change is a major sourc-e of adjustment of 
population to environment. 

Birth, death, immigration, and emigration 
rates. Crude rates state the number of individuals 
horn, dying, and moving in or out per unit of 
[copulation for some time interval. Although *khey 
desc-ribe what has happened to the group, these 
uues have little predictive power, and reveal al- 
most nothing about the age structure of the re- 
mainder. Age-specific rates whic'h treat births, 
deaths, and movements as functions of age. are the 
major immediate determinants for the population. 
Knowledge of the causes for their change is there- 
fore essential for predicting population growth. 
Variation of these rates within and between species 
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is enormous. The only generalization possible is 
that high birth rates normally imply high death 
rates and vice versa. Many components of environ- 
ment influence the rates. One major factor may be 
the population itself, which is part of its own en- 
vironment. 

Knowledge of the properties of populations re- 
sults in an understanding of their dynamics. During 
their existence, populations require a constant in- 
put of energy and materials. The energy is in part 
transformed into metabolic heat and in part is 
stored as new piotoplasm and body food reserves. 
Som»* remains in dead bodies. Usually little of the 
energy used bv animals, and none of that used by 
plants, becomes available twice to the same popu- 
lation. The materials required, however, often re- 
circulate through the population any number of 
times. A population newlv released into an ade- 
quate environment grows in cliarai*teristic fashion, 
and modifies its environment, (riven a continuing 
source of energy and raw materiuls and a suffi- 
ciently stable environment, it may leaih a more or 
less steady state. Otherwise a population peak and 
decline ensue. This may have cyclic characteris- 
tics. Partii-ular causes for growth, stability, decline, 
and extinction must be sought in complex interac- 
tions between llu‘ physii'al and biological environ- 
meiit, and birth, <leath. immigration, and emigra- 
tion rates mcidified bv genetic change. Species 
populations often are systems with considerable 
powers of seif-regulation. As a result they may per- 
sist as recognizable entities for indefinite^ periods. 
.See EcOLOLY; EvOLUnON, organic* (rlNF; Muta- 
iion: ScLfiAnoN: SptriFs roNeEcr. [p.w.f.I 
Rihlio/^raphy: W. C. Alice et al.. Ptinriplvs of 
Animal Ecology^ 1949; H. G. Aiidrewartha and 
L. C. Birch, The Distribution and Abundance of 
Animals, 1954, 

Specific charge 

The ratio of charge to mass, e/m, of a particle. The 
acceleration of a parli(*le in electromagnetic fields 
is proportional tf) its specific charge. Specific 
charge can he determined by measuring the veloc- 
ity r which the particle acquires in falling through 
an ehiclric potential V (v - \/2eF/m); by meas- 
uring the frequency of revolution in a magnetic 
field H (the so-called cyclotron frequency m = 
efi/mc, where c is the velocity of light I ; or bv ob- 
serving the orbit of the particles in combined elec- 
tric and magnetic fields. In the instrument known 
as the mass spectrograph, the fields are arranged so 
that particles of differing velocities but of the same 
e/m are focused at a point. See Mass spectro- 
scope; see also Electron motion in vacuum; El- 
ementary PARTICLE. 

Specific fuel consumption 

Weight flow rate of fuel required to produce a unit 
of power or of thrust, often abbreviated as SFC. 
In reciprocating piston engines, SFC is usually 
expressed as pounds of fuel per hour required to 
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deliver one shaft horsepower. For ram and turbojet 
engines it is given as pounds per hour for one 
pound of thrust. For turboprops, where both shaft 
and jet power are taken from the engine, SFC is 
given as fuel rate for equivalent shaft horsepower 
(see TiTHBOjtx). 

SFC varies inversely with the fuel’s heat of com- 
bustion. It can be calculated from 


SFC 


2545 


100 


heat of combustion cycle efficiency 


where SFC is in pounds per horsepower-hour, heat 
of combustion is in Btu ''lb, and cvcle efficiency is 
in per cent. A Itei natively, it ran be computed from 


SFC =« f ^ X flight speed 

neat of comhuslion 


100 


cycle efficiency 


where SFC is in pounds per hour per pound of 
thrust and flight speed is in feet per second 

Cvcle efficiency im teases with increasing com- 
pression ratio for piston, turbojet, and turboprop 
engines, and with increasing flight speed In cam- 
lets. Flfliciencv also increase*- with decreasing fuel- 
air rati<i, with, however, a loss in power. 

With hydrocarbon fuels, minimum SFCs of 
about 0.4 Ib^hp-hr are obtained with re<‘iprocating 
and turboprop engines and about 0.8 lb/(hr)(/lb 
of thiust) for turbojet engines. Kamjet SFCs range 
from about 10 3 lb/(hr) ( ^Ib of thrust), [r.r.h.] 

Specific gravity 

The spec ifii gravity of a material is defined as the 
ratio of its density and the density of some stand- 
ard mateiial, such as water at a specified tempera- 
ture, for example. 60”F, or ( for gases) air at stand- 
aid conditions of temperature and pressure. Spe- 
cific gravity is a conyenient concept because it is 
usually easier to measure than density, and its 
value is the same in all systems of units. See Dfn- 

siiY. 

Specific heat 

The ratio of the amount of heat required to raise 
unit mass of a material one degree in temperature 
to the amount of heat required to raise the same 
mass of a reference substance one degree in tem- 
peratuie. Both measurements are made at a refer- 
ence temperature and in nearly all cases at either 
constant volume or constant presaiire. Water is 
tisuallv the reference substance. Because the heat 
capacity of water is nearly unitv, the value of spe- 
cific heat for a material is nearly equal to its heat 
capacity. Specific heat, as defined here, is a ratio 
without units, although it is often defined differ- 
ently (.sec SpECiHf HEAT o^ SOLIDS). For clarity it 
IS recommended that thermodynamic discussion be 
carried out in terms of heat capacity instead of spe- 
cific heat. Also, it is desirable to define heat units 


in electrical terms. See British thermal unit 
(Btu); Calorie; Heat capacity; Thermody- 
namics (chemical). [h.c.w.I 

specific heat of solids 

When 1 gram (g) of a material absorbs an amount 
of heat AQ and this causes the temperature of the 
material to increase an amount A7\ then the ratio 
s * ^0/^T is often called the specific heat of the 
material, although other definitions are also used. 
The heat capacity C of a body of mass M is the 
product C « Ms. The atomic and moleoulai heats 
are the heat capacities of a gram-atomic weight 
and a gram-molecular weight of material, respec- 
tively. 

The measured heat capacity of solids is usually 
made at some constant pressure P, su«‘h as atmos- 
pheric pressure, and is represented by the symbol 
Cp. The theoretical heat capacity is most often cal- 
culated for constant volume F, and is denoted hv 
C\. The difference L\ is essentially ihe heat 

per degree required to expand the solid against its 
internal elastic forces. The difference is 

Cp — Cv = ofT *VT ( 1 ) 

Here is the temperature cocffic icnl of volume ex 
pansion (at cunstaiit pressure), V the vohime, / 
the temperature in ®K, and x fhe isothermal (*oin- 
pressibility. The quantities represented by the sym 
bols Cp and Cv are often referied to loosely a*- 
spet'ific helfts, although ihev are really heat capacj- 
ties. .SVe lit at f APAfifY. 

Dulong-Petit law. P. Dulong and A. Petit ob- 
served in 1819 that although the specific heals of 
the solid elements at loom temperature diffei 
widely from one another, the atomic heats are 
nearly all the same, the values being about 6.3 
cal/®C. A theoretical explanation was given by 
F. Richarz in 1893 It is an extension of the the- 
ory of the specific heat of an ideal gas. According 
to the kinetic theory of gase.s, the thermal energy 
of an ideal monatomic gas is the same as its kinetii 
energy {see Kinetic thfory of matter). From 
this, it was deduced that the atomic heat of such 
a gas is 3/i/2, where R, the gas constant, is about 
2.0 cal/®C. The thermal energy of a solid, however, 
is the energy of the harmonic motion of the atoms, 
and this, on the average, is half kinetic and half 
potential. Richarz then supposed that 3R/2 Is the 
atomic heat arising from the mean kinetic energy, 
and 3/1/2 that arising from the mean potential en- 
ergy, yielding a total atomic heat of 3/? or 6.0 
cal/“C. 

The Dulong-Petit law is quite accurate at room 
temperature. To find 5 for many solid elements, one 
need only substitute the atomic weight A from a 
periodic table into the formula s ^ 6/4. However, 
it was noticed, even in the nineteenth century, that 
there are important exceptions to the law, notabh 
diamond, germanium, and silicon, whose atomic 
heats at room temperature are considerably smaller 
than 3/1. Furthermore, many solids showed a de- 



crease in Cv as the temperature was lowered to 
that of liquid nitrogen, which is 77®K or — 196®C. 

Einstein theory. The quantum hypothesis which 
M. Planck introduced into the theory of black-body 
radiation in 1900 did not become a general prin- 
ciple until Albert Einstein applied it with success 
to the photoelectric effect in 1905 and to the theory 
of specific heats in 1907. In his theory of specific 
heats, Einstein sought to show that the observed 
failure of the classical theory, which gives C\ * 
3A for the atomic* heat, (‘ould be explained in 
terms of the quantum hypothesis. 

A so-called Planck oscillator can absorb or emit 
radiation onlv in integral amounts nh\\ where n is 
an integer, h is Planck’s c'onstanl, and v is the nat- 
ural frequency of the oscillator. The temperature 
is introduced bv considering the mean value of the 
energy I of such an oscillatc»r, using the classical 
Holt/niann siatiMics. The result is 

c “ /n'/|exp {hv^kT) - 1 | (2) 

where A is the Kolt/rnann constant and T is the 
absolute temperature. See Boltzmann statistics; 
Hi \\ radiaiion; {^vwixm mkc hanks. 

Einstein’s theory assumes that eac*h atom of the 
M)lid oscillates with the same frequency v/ and that 
this is the frecpieiicy observed in inflated absorp- 
tion studies in crystals. Edch atom vibiates in tlitee 
dirnensicins and theiefore has the mean energy 3c. 
33ie energ> K cii the solid is d/Vc, if it contains 
\vogadio's number of atoms N, The quantum hy- 
pothesis then leads to 

E - 3AAr/, 'jexp (Ai> ^kT) — 1 1 (3) 

The frec|uenc*y v/ is called the Einstein frequency. 
See Absorpiion (flk ikhm acnlik radiation); 
Imrari-i) spm FRosi opy. 

\ parametei called the Einstein chaiacleii tic* 
temperaluie W/i is defined by equating one efuan- 
liim of energy Acf to the classkal energy kT of an 
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oscillator and denoting the particular value of T 
obtained in this manner by Hi?. According to Ein- 
stein, the thermal energy Q of the solid is just the 
energy E of vibration, so that Cv * dQ/dT = 
dE^dT. This yields the Einstein formula of specific 
(atomic) heats, 

Cv = 3«y**eV(e»'- !)•' (4) 

Here y = hv^ /kT = i/iE / T and Nk = /?, the gas 
constant. 

A plot of Cv /iR versus T/Hk is shown in Fig. 
1. At r = Hf*. the value ol Cv /3/? is 0.92, which 
means that at this temperature. has 92% of the 
Dulong- Petit value. Above this temperature, Cv 
approac hes 3A with increasing temperature. Below 
this temperature, Cv decreases to zero, practically 
vanishing at 7* < 0.1 Einstein’s theory thus 
concludes that C\ is tempcratiire-det>endent. Fur- 
thermore, the observation that Ci /3R 0.31 for 

diamond at T = 331 °K is explained by .stating that 
diamond has a value of Wa- equal to about 1300°K, 
which coi responds to an infrared wavelength of 11 
microns. 

The prediction contained in the theory that C\ 
practically vanishes below T = O.lWfc* .stimulated 
W. Nernst and his assistants to make experimen- 
tal investigcitions of Cv down to 16°K. It was found 
that C\ is still appreciable at T < 0.10/? for all 
substances examined; therefore Einstein’s theory 
fails at these low temperatures. However, it ap- 
peared from the data that Cv approaches zero at 
0°K, in keeping with deductions from Nernst’s heat 
theorem. 

Debye theory. The next advance in the theory 
of specific heats liegan with the suggestion of 
E. Madelung and W. .Sutherland that the Einstein 
frequency is equivalent not only to the infrared ab- 
sorption trciiuericy of the crystal but also to the 
frequency of the shortest sound wave (or elastic 
wave) which can propagate through the crystal. 
This wave travels with the velocity of sound and 
ha^ a wavelength of about twice the interatomic 
distance. .Since sound waves of longer wavelength 
can also propagate through the crystal. Madelung 
made the further suggestion that a whole spectrum 
of acoustical frequencies should be used in comput- 
ing Cv rather than just the single frequency ve- 

In 1912 two theories of the specific hegts of 
solids appeared incorporating these ideas, one by 
P. Debye and the other by M. Born and T. von Kar- 
man. Both theories use an acoustical spectrum con- 
taining .so many frequencies that the spectra can 
be treated as continuous for purposes of computa- 
tion. The number of waves (or modes) with fre- 
quencies betw'een v and v + dv in the solid is thus 
repre.sented by (v) dv. The energy associated with 
each of these waves is that of a Planck oscillator, 
so that one obtains for the total energy E the ex- 
pression 


pOi g(^Av dv 

lo 


( 5 ) 




1 . 0 | 
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The two theories differ in the manner of ehtimating 
^(v). Only the simpler Debye theory is discussed 
in this article. 

In order to estimate /?(v), Debye made two as- 
sumptions. One is that the solid is a continuous me- 
dium. With this idea, ^(v) is computed in a man- 
ner analogous to that employed in the theory of 
black-body radiation with the result 


+ ( 6 ) 

The symbol Vi represents the velocity of longitudi- 
nal sound waves and Ih that of trans\erse waves. 
The volume of the solid is V. I'he second assump- 
tion is that the total number of waves is equal to 
3/V, where N is the number of atoms in the crystal. 
This assumption implies that the solid is not really 
iontinu(»us after all and that the shorlest permissi- 
ble wavelengths are those of about two interatomit 
distances. The restriction is expressed mathemati- 
cally by 

/?(>') dv = 3;V (7) 

which serves to define a Debve fiequencv i/,. The 
Debye frequency is the maximum allowable fre- 
qiiemv. Thus for g(r) is zero and the 

value of the integral above this limiting frequency 
IS zero. This allows the upper limit in Eq. fS) to 
be leplaced by i'/>. 

Dvbyc temperature. It is customary to replace 
the Debye frequency i'/> by the Debye charactcils- 
tic teiiipeialure (-), defined by the relation /rW = 
hif) From this, and from Eqs. (5), (6), and (7). 
the energy E becomes 


E 




c'- I 


(H) 


where s = hv^kT. 

Equation (8) c an be integrated and then C\ de- 
dined Irom C\ “ dE^dT. The result is the infinite 
SCI ies 


Cv /:m< = 


5 \h) 


3W/r 

c«'^- 1 


I 12 log (1 - e 



\s T approaches infinity, the Duloiig-Petit value 
of C\ is obtained. To see this, note that z ap- 
piocuhes zero in this limit and the integrand in 
Eq. (8) reduces to z-. Integration then leads to 
E *= 3R7\ from which Cv = 3/?. On the other hand, 
as T approaches 0 K. the Debye T* law results: 


This law is contained in the first term of Eq. (9). 
The other terms in Eq. (9) contribute less then 1*5? 
to Cy at temperatures below T = (-)/12. Figure 2 
shows a plot of C\ /3R versus T '(-) as given by 
the Debye theory. The accompanying table lists the 
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Fig. 2. Debye specific heat curve. 


values of W required to fit the Debve for inula foi 
C\ to the experimental data ol solid elements in 
the region near where C\ is about hall the Dulong- 
Petit value. The < or responding values of H/ d<‘ 
termincd in this maniiei aie smaller and are ap 
pioxiniately .iH k 


Debye cha^cteristic temperature of solid elements, K 


Element 


Element 

H 

hleiiieiit 

H 

Ar 

85 

Ca 

2 to 

Pci 

275 

Ag 

21 > 

(ie 

360 

Pr 

7t 

A1 


Cd 

152 

Pi 

2.50 

As 

285 

Hk 

100 

Sh 

200 

All 

170 

in 

129 

Si 

625 

B 

12.50 

K 

100 

Sn. gray 

260 

Be 

1000 

Li 

too 

Sii, while 

170 

Bi 

120 

La 

132 

Tn 

225 

C, cliariiniicl 1860 

Mr 

318 

I'll 

100 

Ca 

230 

Mil 

400 

Ti 

380 

Cd 

120 

Mo 

380 

T1 

96 

Co 

38r> 

Nu 

1.50 

V 

390 

Cr 

460 

Ne 

63 

W 

310 

Cu 

31.5 

Ni 

37.5 

Zn 

231 

Fe 

420 

Pb 

88 

Zi 

2i0 


The courses of the two curves shown in Figs. 1 
and 2 are quite similar for T above about 0.2C'). 
The critical test distinguishing between the two 
theories must therefore be made at temperatures 
below about O.K-), where the Debye 7* law should 
hold. The 7* law was first verified by A. Eucken 
and F. Schwers in 1913 by measuring the heat ca- 
pacity of a number of insulators. It failed for met- 
als. The reason for this failure is now understood, 
for A. Sommerfeld’s theory of metals (1928) shows 
that the conduction electrons can make an impor- 
tant contribution to the heat capacity (see Fref- 
hLECTRON THEORY OF METALs). According to Soni- 
merfeld, there must be a linear term in the temper- 
ature included in the expression for Cv in order to 




arcount for the electron contribution. Thus one 
writes 

Cv ^ yT ^ (127r*/i/5) (7* /(H)) ’ (11) 

The coefficient y in the electron term is sometimes 
called the Sommerfeld f^amina. In order to analyze 
low-temperature Ci data for metals, Cy 'T is 
plotted versus T^. According to Eq. (11), this 
should give a straight line of slope 127 r^/< /5(-i^ and 
of intercept y on the C\ /T axjs. 

Deviations. As experimental measurements be- 
came more precise, it was noticed that the data 
could not be fitted to a Debye curve. One sensitive 
test is to calculate the Debye (-) foi ea<*h experi- 
menlal value ot C^ and T, after coirecting for the 
elearon contribution. If the data satisfy the 
Debye foimula, then (-) should be independent of 
the tempeiatiire. In most cases, the data do not sal- 
isf\ this I rilcrion. 

A panic ulailv marked deviation fiom Debye’s 
theor> occurs for cadmium. Figure 3 shows a plot 
of (") versus T for this element 'Fhe data were 
Ireatc'd in the following manner First. C i was cal- 
( iilatcd fiom the measuic*d Cp data using c*ssen- 
tiallv Ec| n ) Then the 12 items of data below 
abruil .H’K were plotted on th» basis of Eq. (11) 
and y and (-) determinc'd fiom the straight line 
giaph Nc*xt, all C\ data weie <orie<tc*d for the 
c|(»cliori tcim and then the (-) for each point c’om- 
piiled fiom tables based on Ecjs. (8) oi (0) The 
icsult IS plotted in Fig 3 

Agt cement with Debve theoiv in the case of cad- 
mium exists only bel<»w about the only pait 
ol the curve where (*■) is substanh dlv constant. 
Mills the T law holds (to better than I'J ) only be- 
Ic»w about T = (-) so. instead of (-) 12 as tecpiired 
h\ the Debve theoiv. Foi most of tlie solids evim- 
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3. Plot of 0 versus T for cadmium. (After P. 1. 
Smith and N. M. Wolcott, Phil, Mag., ser. 8, 1:854^ 
865 , 1956 ) 
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ined. this limitation of the range of the validity of 
the T’* law to the region T < f*)/50 beema to occur. 
M. Blackman explained this in 1935 on the basis 
of the lattice dynamics of Born and von Karman. 
He gave the estimate 7* <r (h)/, 50 as the “true” range 
of the T* law for most solids, an estimate which 
he made when the experimental evidence was still 
rather meager. 

Experimental venfiiation. An important inde- 
pendent check of the theory of specific heals can 
be made, based on Eq. (6). The velocity of sound 
is measured for single crystals at temperature^ in 
the “true’' 7*' region of specific heats. Since the ve- 
locity of sound depends on the direction of propa- 
gation through the crystal (an effect known as 
anisotropy of the velocity of sound), the inverse 
cube of the velocity must be averaged over all di- 
lections. This is done theoietically fiom velocdtv of 
sound measurements made in several appropriate 
directions in a single crystal. When this is done. 
W at 0‘*K c an be cab ulated. The comparison of the 
values calculated in this manner with those ob- 
tained fiom low temper at lire specific heat data has 
been made for c'opper, silver, and gold. 7'he veloc- 
ity of sound values of H for these elements are re- 
spcM tivelv 345, 226. and 162". which compare well 
witli the c'orrenpondmg speiufic heal values 345, 
226. and IbS^K. .W Conduc iion (hi-ai); Lattki 

VIBRAIIONS* MiTRASOMCS |J.D.L.] 

/Jtbhogtaphy: S. Fluc»gge (ed.), Hnndhuch tier 
Ph\sih, vol 7. pt 1, 1955; F, Seitz and D. Turn- 
bull (eds. ), Solid State Physics^ vol. 2. 19.56. 

Specific impulse 

The qiiantitv used to define the amount of thrust 
potentially available from rocket propellant com- 
binations; also called specific thrust (^ee 
Tnmrsi ). Speiific impulse is the thrust that theo- 
retically can be obtained when unit weight of the 
propellant reacts in unit time; that is lb thrust per 
lb per sec of prcqiellant flow. This ratio for specific 
impulse has the dimension of time and can be ex- 
presses! as seconds. For example, a propellant hav- 
ing an impulse of .300 sec will theoietic'ally deliver 
300 lb of thrust when the propellant is consumed 
at the rate of 1 Ib/sec. Alternatively, 1 lb of pro- 
pellant will deliver 1 lb of thrust for 300 sec. 

Specific impulse can be calculated from 

where I,p is specific impulse; 7’,, combustion tem- 
perature, ®R; Af, molecular weight of combustion 
products ; k, specific heat ratio of combustion 
products, Cp C, ; p^/p,, ratio of external to cham- 
ber pressures The first square root term shows the 
importance of attaining high combustion tempera- 
tuies and low molecular- weight products. The next 
term vaiies but little, since h ranges only between 
1.2 and 1.3 for most propellants. The last term 
shows that the impulse of a given propellant varies 
with the operating conditions of the thrust cham- 




578 Sp^cfrochMiicol analysis 
SpscNIc Impulsos of typical propallaiik qrslaiiis 


Chamber Specific 

Propellant system pressure, psi impulse, sec 


Liquid oxygen-ammonia 

300 

255 

Liquid oxygen-kerosene 

300 

248 

Liquid oxygen -liquid hydrogen 

340 

335 

Hydrogen peroxide-hydrazine 

500 

252 

fuming nitric acid-aniline 

300 

221 

Nitrogen totroxide-hydrazine 

300 

249 

Fluorine-hydrazine 

300 

299 

Various castable composite 
solids 

1000 

165-240 


ber. Highest impulse is obtained when the cham- 
ber discharges into a vacuum so that this term be- 
comes unity. 

At the high temperatures in rocket chambers, 
the products include not only those calculated for 
usual chemical reactions but also many additional 
components which result from dissociation. For 
example, the stoichiometric combustion of hydro- 
carbons with oxygen yields not only carbon dioxide 
and water but also carbon monoxide, hydrogen, 
oxygen, the hydroxyl radical OH, and atoms of hy- 
drogen and oxygen. Temperature, molecular 
weight, and specific-heat ratio are all influenced by 
the various equilibria and resulting compositions. 
Therefore the calculation of specific impulses Is a 
complex procedure and is greatly facilitated by 
the use of computing machines. 

High specific impulse is the quality most desired 
in rocket propellants. Values for typical propel- 
lant systems exhausting to 1 atmosphere pressure 
are presented in the table. See Propui sign ; Rockft 
ENGINE. [r.r.h.1 

Spectrochemical anal)rsis 

A technique used in qualitative or quantitative 
chemical elemental analysis. It is performed by ob- 
serving the spectrum of the light emitted by the in- 
candescent vapor of the material analyzed. The 
technique is used chiefl> to detect and determine 
metals (qualitative and quantitative analysis, re- 
spectively) although it can also be applied to 
many metalloids and to a few nonmetals. Under 
optimum conditions, absolute detection sensitivi- 
ties for individual elements range from 10 ^ g to 
below 10 ® g. 

The steps in emission spectrochemical analysis 
are (1) vaporization of sample, (2) excitation of 
vapor to luminescence, (3) resolution of the re- 
sultant radiation into a spectrum, and (4) observa- 
tion of spectra. 

Vaporization. Nonconducting solids, sometimes 
diluted with graphite or other specially chosen ma- 
trix, often are placed in a cavity in the end of a 
pure graphite rod. This serves as the anode of a dc 
arc, the heat of which volatilizes the sample. Finel> 
powdered samples of the same type also may be 
mixed with pure flaky graphite, briqueted, and 
(partially) volatilized by means of a spark dis- 
charge. Metal powders or chips may be treated by 
either of these methods. Metal specimens having a 


flat surface are usually subjected to a spark dis- 
charge, with a graphite rod or a piece of the sample 
material as counterelectrode. Solutions may be 
(1) dried on a graphite or copper electrode and 
volatilized by arc or spark, (2) continuously intro- 
duced into a spark discharge as a thin film on a 
graphite electrode (see Fig. 1), (3) sprayed into a 
spark gap, or (4) sprayed or aspirated into the gas 
supply of a flame (see Flame photometry). 

Excitation. In most spectrochemical light sources, 
the same electrical discharge is used to produce 
the sample vapor and to excite it to luminescence. 
When the atoms or molecules of sample vapor en- 
ter the analytical gap, they are bombarded by 
highly energetic electrons and other particles. 
Thus, their outer electrons are raised to higher en- 
ergy levels; if the excitation is sufiiciently intense, 
one or more electrons may even be removed. TTie 
ions so produced can be excited further by con- 
tinued bombardment. The higher the temperature 
of the particle’s immediate environment, the 
higher the state of excitation the particle can at 
tain. Thus, various individual particles of a given 
element may exist at different discrete energy lev- 
els, depending on their past and present environ- 
ments. Each of these excited states has a charac 
teristic normal lifetime, which ends with tWh spon 
taneous descent of the particle to a lower level of 
excitation. Thi.s descent is accompanied by the 
emission of a quantum of radiation of energy f*on- 
tent equivalent to the difference in energy between 
the upper and lower levels. The energy content of 
the quantum uniquely determines the wavelength 
of the emitted radiation. (Occasionally, an excited 
particle loses energy by collision before this transi- 
tion can occur, and no radiation is emitted.) Since 



Fig. 1. Excitation of liquids by high-voltage spark, 
(a) Porous-cup technique, (b) Rotating-dblc technique- 




particles in each of the higher levels may descend 
to any one of a number of lower levels, a consider- 
able number of spectral lines may be produced by 
a single element. Each state of ionization of an ele- 
ment or compound has its own characteristic set of 
energy levels and, thus, its own spectrum. The lines 
of a given element that are actually emitted during 
a given discharge depend on the temperatures ex- 
isting in that discharge. The relative intensities of 
these lines depend principally on the relative num- 
bers of atoms existing at these respective tempera- 
tures and on the relative inherent probabilities of 
the energy transitions involved. See Energy level 
(quantum mechanics); Excited state; Ground 
state; Ionization potential. 

In the core of a continuous low-voltage arc, the 
temperature is 300(>-7800°C, varying with the ioni- 
zation potential of the components of the vapor. 
The resultant spectra are due principally to neutral 
and singly ionized atoms and diatomic molecules. 

In the oscillatory 15,000- to 35,000-volt sparks 
used in spectrochemical analysis, core tempera- 
tures depend principally on instantaneous current. 
Peak currents up to several hundred amperes may 
occur, producing core temperatures up to 40,- 
000°C At such times, the core may contain doubly 
or triply ionized species. At lower currents, ioniza- 
tion in the core is less severe. Peripheral regions of 
the discharge, being cooler, contain only neutral 
and singly ionized species. 

Resolution. To permit analysis, the component 
wavelengths must be separated and arranged in 
order of wavelength. This is done with a spec- 
troscope, spectrograph, or spectrometer, using 
visual, photographic, or photoelectric detection, 
respectively. For general analytical use, the in- 
strument’s dispersion should be 10 or less ang- 
stroms per millimeter (A/mm) on the photo- 
graphic plate. Most prism instruments have 
adequate dispersion in the ultraviolet but inade- 
quate dispersion in the red and infrared. Their 
wavelength scale is thus nonuniform, making wave- 
length interpolation somewhat tedious. Grating in- 
struments have an almost uniform wavelength 8v;i1c 
and can be used in higher orders to obtain high 
dispersion. Difficulties due to the r^ultant over- 
lapping of orders can usually be overcome by ap- 
propriate choice of photographic emulsion, filters, 
or supplemental dispersion in the vertical plane. 
See Diffraction grating; Spectroscopy. 

Observation of spoctra. Visual observation is 
used for instruction and for on-the-spot sorting of 
metals. 

Photographic observation is used for most quali- 
tative and nonroutine quantitative analysis. Plates 
or 35-mm film may be employed. Spectrograms usu- 
ally are viewed with a projection comparator, 
which projects sample and standard plates on a 
split-field, ground-glass screen, permitting any 
spectrum on one plate to be brought adjacent to 
and in register with any spectrum on the other. 
Many comparators also incorporate a micropho* 


Spoctrochemical onolysls 579 

tometer. Any emulsion is suitable for the 2300- to 
4300- A range; at higher wavelengths, special sen- 
sitization is needed. Emulsion sensitivity varies di- 
rectly with grain size; thus high sensitivity is ob- 
tained at the cost of resolving power, and vice 
versa. Sensitivity and contrast vary with wavelength 
(and age) for all emulsions. Aging changes can be 
retarded by storage at 0°F. 

Different production batches of a given emulsion 
are seldom Identical; if quantitative work is to be 
done, a 6-12 months’ supply of plates or film 
should be bought from a single batch and stoied 
at See Photographic materials. 

Measurement of line intensity ratios requires 
calibration of the emulsion, that is, construction of 
a curve showing blackening of the emulsion as a 
function of the intensity of incident light of the 
wavelength used. Lines whose intensities are to be 
compared photographically should be as close as 
possible in wavelength. 

Densitometers or microphotometers measure 
spcctral-line blackening by scanning the illumi- 
nated .spectrum with a fine receiving slit or by pro- 
jecting a fine illuminated line onto and through 
the spec*trogram and onto a photocell. 

The shape of the calibration curve obtained with 
spectrographic equipment depends not only on 
emulsion characteristics, but also on instrumental 
characteristics such as slit widths and aperture 
ratios. Calibration curves must be made therefore 
with the same spectrograph and densitometer which 
will be used for producing the sample spectra to be 
measured. Correction of line intensity for contribu- 
tion by the underlying spectral background is de- 
sirable, especially if the ratio of line to background 
intensities is less than 5:1. 

Photoelectric observation is used when the anal- 
ysis is highly repetitive. A receiving slit and photo- 
multiplier ceil are placed in the spectrometer at the 
position of each line of interest. The output of each 
cell may be used to charge a capacitor, at the end 
of the exposure, the voltage on each capacitor is 
proportional to the intensity-time integral for the 
appropriate spectral line. Alternatively, this inte- 
gral may be measured by counting the number of 
times that the photomultiplier output is able to 
charge a much smaller capacitor during the ex- 
posure. Intensity ratios (actually energy ratios) of 
lines may be measured (1) by comparing intensity- 
time integrals (ITI) after a fixed exposure time, 

(2) by measuring the ITI for all subject lines when 
a single comparison line has reached a set ITI, or 

(3) operating as in (2), but using undispersed 
light as the comparison ‘Tine.” Photomultiplier in- 
stallations have an immense advantage over photo- 
graphic instruments in speed and some advantage 
in accuracy. They are used wherever large numbers 
of similar analyses must be performed rapidly. 
They are, however, relatively costly, inflexible, and 
unsuited for exploratory work. 

QualKativt analysis. For this purpose, the sam- 
ple is vaporized and excited by one of the above 
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techniques, and its spectrum is photographed in 
the 2200* to 4300-A region. This permits detection 
of all metals except small amounts of the alkali 
metals. The spectrum of an iron arc is photo- 
graphed adjacent to the sample spectrum. A master 
plate (or film) is prepared containing an iron spec- 
trum adjacent to a master spectrum in which the 
positions of the strongest lines of all detectable ele- 
ments are marked. Tlie two plates are placed in a 
split-field projection comparator and the iron spec- 
tra aligned with each other. If a line occurs in the 
sample spectrum at the position indicated for a 
given element in the master plate, the element is 
usually present (Fig. 2). Since lines of two differ- 
ent elements may happen to occur at the same 
wavelength, the actual presence of an element 
should be confirmed by looking for several of its 
spectral lines. 
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Fig 2 Identification of elements with aid of master 
plate (schematic). The sample shown contains magne- 
sium ond silicon, but no lead or tin. 

Some elements, for example, uranium, have a 
large number of closely spaced lines, making it dif- 
ficult to detect other elements in their piesente. 
This diflicultv can sometimes be circumvented by 
preliminary chemical removal of the offending ele- 
ment or by preferential distillation of the impuri- 
ties from the electrode crater. Interference is also 
encountered from spectral bands produced by cy- 
anogen molecules formed when carbon vapor from 
the electrodes reacts with atmospheric nitrogen, b> 
h> dioxide radicals (from water vapor), and by sili- 
con monoxide molecules (from silicates). 

The alkali metals have their most sensitive lines 
in the visible and infrared regions. A separate ex- 
posure is often necessary for their detection. 

Quantitative analysis. The intensity of a spec- 
tral line emitted by one component of a sample is 
affected by the concentration of that component in 
the sample, by the composition of the sample as a 
whole, and by the type of excitation used. In per- 
forming a quantitative spectrochemical analysis, it 
is necessary therefore to prepare for comparison a 
set of synthetic standards which resembles the 
sample chemicallv and physically, since either the 
excitation level, the intensity level, or both, may 
fluctuate during a given exposure. To overcome this 
variation, sample and standards are treated with 
equal concentrations of some element not previ- 
ously present, called an internal standard. The 


standard samples are exposed spectrographically, 
and the ratio of the ITI of the subject element 
line to the ITI of the internal standard line is 
plotted against the concentration of the subject ele- 
ment. The sample is exposed by the same technique, 
and the same ratio observed and converted to a con- 
centration figure. 

In the metal industries, where graded metallic 
standards are available, much chemical analysis is 
done spectrochemically. Samples are sparked es 
sentially as received, and intensity ratios registered 
photoelectrically for 30 or more elements simul- 
taneously. Computing equipment can be used to 
convert this information h> chemical concentrations 
by comparison with stored information from previ- 
ously sparked standards. Analyses can be available 
within a few minutes after receipt of the sample, 
thus permitting the composition of furnace heats to 
be adjusted while the charge is still molten. 

Since, in this technique, only a very small quan- 
tity of matter is vaporized by the spark, both stand- 
ards and samples must be quite homogeneous to 
prevent sampling errors. If pioper homogeneity 
cannot be ac hieved, samples of adequate si/e can be 
dissolved and compared with synthetic solutions. 

Minerals usually are analyzed bv an methods 
As successively higher-boiling components distill 
into the an, the temperature and excitation condi- 
tions change continuously. The time at which a 
given minor component distills into the arc depend^* 
on the orij^nal state of combination of that element 
in the sample and on chemical reactions which it 
may undergo in the hot carbon crater As a result, 
it is veiy difficult to synthesize standards for min- 
eral analysis from laboratory reagents; it is much 
preferable to prepare these standards from ana- 
lyzed mineral samples or mixtures of the type to be 
analyzed. 

When standards that are c^hemically and fihvsi- 
cally similar to the sample are not available, it is 
often possible to dissolve the sample, to prepare 
comparable standard solutions, and to process sam- 
ples and standards similarly from that point on. 
The use of solutions also permits one to eliminate 
interfering elements and to concentrate trace ele- 
ments, thus effectively increasing the sensitivity of 
the method. See Atomic structure and spectra; 
Molecular structure and spectra; Spectro- 

PllOTOMETRIC analysis; X-RAY FLUORESCENCF 
ANALYSIS. [C.F.] 

Bibliography. L. H. Ahrens, Spectrochemical 
Analysis^ 2d ed., 1961; American Society for Tesl 
ing Materials, Methods for Emission Spectro- 
chemical AneUysiSf 1957; N. Nachtricb, Principles 
and Practice of Spectrochemical Analysis^ 1950. 

Spectrography 

The use of photography to record the clectromag* 
netic spectrum displayed in a spectroscope. The 
technique is used mainly in atomic and molecular 
physics, in analysis of the chemical composition of 
materials, and in astronomical photographs. 



The sources of radiation for spectrography are 
incandescent or electrically excited, and the spec- 
trum contains lines characteristic of the elements 
and gives definite evidence of their presence. Con- 
tinuous spectra are also emitted by incandescent 
sources, but are little used except in absorption 
measurements. Band spectra are characteristic of 
molecules. The position and intensity of the lines 
and bands in the spectrum is a measure of the na- 
ture and amount of the elements present. 

A great variety of photographic plates and films 
is made, having a range of speeds, contrast, resolv- 
ing power, and spectral sensitivity, permitting spec- 
trography from very short wavelength ultraviolet to 
the infrared at about 13,000 A. See Astronomical 
photography; Photography; Spectrochlmical 
analysis; Spectroscopy. [w.c.J 

Spectrohelioscope 

An instrument for the monochromatic visual ob- 
servation of the Sun. A telescope projects an image 
of the Sun on the first slit of a powerful spectro- 
scope (Fig. 1). The resulting spectrum is imaged 
in the plane of a second slit which permits only a 



Fig. 1. The Hale spectrohelioscope. 


single line element of the spectrum to emerge from 
the instrument. The emergent line element is a 
monochromatic image of that part of the Sun that 
falls on the first slit. The widths of the slits are 
generally chosen to isolate a spectral interval % 
angstrom (A) or less in width. When the two slits 
are vibrated synchronously at high frequency, per- 
sistence of vision permits monochromatic observa- 
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tion of an area of the solar surface. The slits may 
also be moved at a slow rate and the image re- 
corded photographically (Fig. 2). This modifica- 
tion of the spectrohelioscope is one of the simple 
forms of the spectroheliograph. [R.R.M.] 

Spectrophotometric analysis 

A method of chemical analysis based on the ab- 
sorption or attenuation by matter of electromag- 
netic radiation of a specified wavelength or fre- 
quency. The region of the electromagnetic spec- 
trum most useful for chemical analysis is that be- 
tween 2000 angstroms (A) and 300 microns (/x). 
Since the sample being analyzed absorbs the radia- 
tion, spectrophotometric analysis is sometimes re- 
ferred to as absorptimetric analysis. 

The instruments used in this work are referred to 
as spectrophotometers. A simple spectrophotome- 
ter consists of a source of radiation, such as a light 
bulb; a monochromator containing a prism or grat- 
ing which disperses the light so that only a limited 
wavelength, or frequency, range is allowed to ir- 
radiate the sample; the sample itself; and a de- 
tector, such as a photocell, which measures the 
amount of light transmitted by the sample. (See 
Fig. 1.) 

The Bouguer-Lambert-Beer law. By using a 
spectrophotometer, the intensity of the light trans- 
mitted through an absorbing substance may be 
compared with the light intensity when no such 
substance is in the light beam. Two fundamental 
laws govern the intensity of the light transmitted 
by an absorbing material. The first law, called 
the Bougucr-Lambert law, states that 

log (/o//) “ Kb 

where /o is the intensity of the light beam with no 
sample present, I is the intensity of the light beam 
after passing through the sample, K is a constant 
depending on the sample and wavelength of the 
light, and b is the thickness of the absorbing solu- 
tion. The second law, called Beer’s law, states that 

log do /I) * K'c 







fifl. 2. SpMtrohtliQorams of th. Sun (1958 Jun. 20^ 
12'*10“ UD formod of line elementi 0.3 A wide, 
(o) At MOO A. (b) At 6563 A (Hct). (e) At 3933 A (10. 
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Fig 3 Absorption spectrum of the peroxy*itonote 
complex in the region from 340 to 700 m/u. 








Absorption spectra. When the transmittanre t»r 
the absorbance of a sample is tneusurcd and 
plotted as a (unction of waveleni^th. an absorption 
spectrum (Fig. 3) is obtained. This spectrum indi- 
cates that the sample transmits the least light at 
410 millimicrons (in/il and transmits the most 
around 700 m/A. Because of instrumental sensitivity- 
limits, absorption spectra are obtainable only on 
samples which are relatively transparent to the 
radiation being used. 

Reflectance spectra. In opafpie samples, such as 
solids or highly absorbing solutions, the radiation 
reflected from the surface of the sample mav he 
measured and compared with the radiation re- 
flected from a nonabsorbing or white sample. If 
this reflectance intensity is plotted as a function of 
wavelength, it gives a reflectance spectrum. Reflect- 
ance spectra arc used most often in matching 
colors of dyed fabrics or painted surfaces: they 
are used occasionally in qualitative analysis but 
seldom in quantitative analysis. 

Chromogen. A molecule which absorbs radiation 
in a particular spectral region, usually in the visi- 
ble or ultraviolet, is called a chrornogen. 

Chromophore. (»roups of atoms within a nude- 
cule which are responsible* for the absorption of 
light in the visible or ultraviedet regions are called 
chromophores. These <*lironio|)hores are iisualh 
resonating structure's whie'h absorl) at the same 
wavelength, or frecfuenoy. regardless of llie mole- 
cule to which they an* attached. Kxamples of such 
groups are the phenyl group. CiHr.. which absorbs 
at 2700 A and the a/o group N — N, wbi< h absorbs 
at 3700 A. 

Auxochrome, Substituent groups which affect 
tlw* wavelength of the spectral regions of strong ab- 
sorption of <‘hrornophores are called aux<•cllron^»^s. 
Auxochromes cause two tyjies of w^avi'leiigth shdts. 
A shift to longer wavelength, or lower fretpieiicy, is 
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called a bathochromic shift. Conversely, a .shift to 
shorter wavelength is called a hypsochroinic shift. 

Infrared spectrophotometry. The interaction 
wdth matter of electromagnetic radiation of wave- 
length between 1 and 300 /# (frequencies of 10.000 
and 33 cm ’ ) indiu*es cither rotational or vibra- 
tional energy level transitions, or both, within the 
molecules involved. This region from 1 to 3(K) p is 
usually referred to as the infrared. The frecpiencies 
of infrared radiation absorbed by a imdccule are 
determined by its rotational energy levels and by 
the force constants of the bonds in the molecule. 
Since these energy levels and force constants are 
usually unique for each molecule, so also the infra- 
red spectrum of each molecule is usually unique. 
The qualitative analytical use of the infrared re- 
gion is Imsed on this fact. Because of their individ- 
uality. infrared spectra c»f c»rganic compounds are 
considered equivalent to. or siii)erior to. the prepa- 
ration of chemical derivatives for the identifica- 
tion of species in organic chemistry.. The infrared 
portion of the spectrum is often called the finger- 
print region. (.See Figs. 4 and 3.) 

For radiation sources, infrared instruments iisu- 
:ill\ use a hot filament called a Neriist glower, or a 
hot carborundum rod calh*d a (»lobar. Various in- 
organic prisms arc used in the monochnunal<us for 
different regions, for example, rock salt (sodium 
chloride) fnun 2 to 15 /t. tiotassium brfunidc from 
1.5 to 27 fi. or cesium brfunide from 12 to 40 /t. 
r, ratings are also used In monochromators, either 
alone or in conjunction with prisms. A wide variety 
(»f detector^ are used: examples are thermoc*ouples 
and th'^rmistors. 1'hesc detectors must be very sen- 
sitive. as the amount *»f energy they must detect is 
quite small. Infrared cells, or sample containers, 
arc prepared from materials transparent in the re- 
gion of interest, and usually are made of rock salt, 
poiaswium bromide, or some other inorganic salt. 



Fifl. 4. A high r«tolutipn infrared spectrophatometer. (Beefcmon, Scientific InstrumenU Division) 
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Fig. 5. Infrared spectrum of acetophenone. 


Although almost every roiii pound has a unic|ue 
infrared .‘Spectrum, various groupings within a mol- 
enile have well-defined regions <if absorption. For 
example, hydroxyl groups in aleohols absorb 
strongly at 2.8, 7.3, and about 8.3 /i., ester carbonyls 
absorb from 5.7 to 5.8 a, and free amino groups 
absorb at 3.0 and from 6.1 to 6.4 /i. A typical infra- 
red spectrum, that of acetophenone (CoIInf^OCH^ ), 
is shown in Fig. 5. The band at 3.3 /» is due to the 
methyl group (CH:i), that at 5.9 /i to the conju- 
gated carbonyl group (CO), and those at 13.2 and 
14.4 i-i. are due to monosubstituted benzene ( Cr,Hr> ) . 

Quantitative analysis is based on the Bouguer- 
Lanibert-Beer law as applied to a specific absorp- 
tion band, usually unique to the compound being 
delermined, as shown in Figs. 2 and 3. Occasion- 
ally, adequate quantitative results can be obtained 
using data for a similar compound containing the 
same functional group as in the material measured. 
The accuracy and precision of most infrared analy- 
ses is rt3-5% of the amount of material present. 

Infrared spectrophotometry can be applied to 
gasefMis, liquid, or solid samples. For gasecnis 
samples, cells (sample contoiners) from 1 cm up 
to .50 rn long are used in order to get enough mole- 
cules in the light path to measure. In the long cells, 
the length is obtained by using mirrors to make the 
light traverse the cell numerous times before it is 
measured. Liquid samples are handled in cells 
whose thicknesses vary from 0.1 mm to 1 cm. The 
most common solvents for liquids are carbon tetra- 
chloride and carbon di.siilfide. since these solvents 
have few absorption bands in the infrared region. 
Water is a very poor solvent because it absorbs 
strongly in this spectral region. Solid samples are 
analyzed by ( 1 ) preparing a thin film which may 
be either a free film or a film cast on a salt plate: 
(21 preparing a paste or mull by grinding up the 
solid with a viscous material such as mineral oil 
(Niijol), which has few infrared bands; or 
(3) pressing a disk of an intimate mixture of the 
solid with potassium bromide, KBr. This latter, the 


so-<‘allcd KFlr disk method, appears to be the best 
for quantitative infrared work with solids. 

The infrared region is used primarily for analy- 
ses of organic compounds because they are ri»adilv 
soluble in a de‘*irable solvent and because lhe\ 
have unique and complex spec*tra. However, work 
has been done on the infrared spe<‘tra of ig^irganic 
eompounds in the forms of KBr disks or Nujol 
mulls. 

Near-infrared spectrophotometry. This df*s- 
ignates woi<k carried out between, 0.78 and 3 /i.. The 
instruments in use in this region have (fuartz prisiuf- 
in their monochromators and lead sulfide photo- 
conductor cells as detectors. The absorption bands 
in this region are mainly overtones (harmonicas) of 
hands in the infrared region. These bands are (piitc 
sharp and are of great value in quantitative analy- 
.sis for various functional groups, particularly those 
containing hydrogen atoms; examples are lenninal 
methylene groups hydroxyl groups, and 

amines. The cells used in this region are iisuall> 
made of quartz, and hence are more durable than 
infrared cells. The near-infrared spectra give some 
of the same information as those in the infrared 
region, but occasionally more specifically, more in- 
expensively. or more rapidly. The accura*^ and 
precision of ±13% of the amount present is also 
.somewhat better than in infrared spectrophotome- 
try. 

Visible spectrophotometry. The visible region 
of thc^ spectrum covers the narrow range from 
about 380 to 780 ni/x. The spectrophotometers for 
this region use tungsten lamps as light sources, 
glass or quartz prisms or gratings in the monO' 
chromators, and photomultiplier cells as detectors. 
Within this narrow portion of the electromagnetic 
spectrum, a majority of the spectrophotometric 
analyses are made. The absorption of light in this 
region is caused by the excitation of the outer 
electrons of the molecule by the impinging lighf 
beam. Figure 3 shows a typical visible absorption 
spectrum. The substance, peroxytitanate ioit, ah- 



sorbs light in the region below SOO m/i. that is, it 
absorbs violet, blue, and green light and transmits 
red, orange, and yellow. For analytieal work, the 
wavelength of maximum absorption is usually used, 
in this case 410 m/t. The calibration curve in 
Fig. 2 was made by plotting the absorption at 
410 m/i versus the conrentration of the absorbing 
material in the solution. Unknown samples are then 
analyzed by measuring the absorbance of the solu- 
tion after appropriate reagents have been added. 
The amount of material in question, in this case 
titanium, is obtained from the calibration curve. 

Although few materials, in particular inorganic 
ions, have visible colors, there are spectrophotu- 
melric methods utilizing visible colors for most of 
them. The method used above for titanium is typi- 
cal. Hydrogen peroxide, when added to a colorless 
titanium solution, forms the highly colored peroxy- 
titaniiim complex. .Similar reactions are those of 
thiocyanate ion with ferric iron and of ammonia 
with copper. In recent years, organic reagents have 
been prepared which form intense colors with dif- 
ferent rnetal ions. Many of these reagents are so 
specific that they form colors with but one or twi> 
in<»rganic ions. Examples of these are o-phenan- 
throline which reacts with ferrous ion and 2.2'- 
birpiinoline with copper. 

Visible spectrophotometry is used extensively 
because there are methods available for determin- 
ing a wide variety of materials, especially inor- 
ganic cations, with great sensitivity and selectivity. 
The equipment is relatively inexpensive ($300- 
1000 ). 

Visible spectrophotometry is usuaMv carried out 
with liquid samples and is usually used for cpianti- 
tative. rather than qualitative purposes. Visible re- 
flectance spectra of solid samples are run wlicre 
the matching of colors is impf»rtant or in c..ses 
where the samples are opaque. Gaseous samples 
seldom are run in the visible region since thev sel- 
florn a}').s(»rb visible light inteiiselv. 

Ultraviolet spectrophotometry. The spectral 
region from 2000 to 4000 A, called the near ultra- 
violet, is commonly used in chemical analysis. The 
absorption of ultraviolet radiation by a molecule is 
usually the^ result of exciting the outer, ^or valence, 
electrons of the mf)lecule in question. The more 
easily the electron.s are excited, the longer the 
wavelength of the absorption peak. 

Ultraviolet spectrophotometers usually have a 
hydrogen lamp as a radiation .source; a quartz 
f»rism, or a grating in the monochromator; and a 
photomultiplier tube as a detector. *<silica 

cells of 1-mm to lO-cm length are commonly* used 
for the samples. 

Simple inorganic ions and their complexes as 
well as organic molecules can be detected and de- 
termined in this region. Useful solvents are water, 
*«aturated hydrocarbons, aliphatic alcohols, and 
ethers. Organic compounds which absorb ultravio- 
let radiation have at least one ijn.satiirated linkage* 
such as C— C, C=s=0, N=N, or S=0, which acts as 
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a chroinophore. The wavelength of the absorption 
peak increases with the degree of unsaturation 
within the chromophore. 

Inorganic groups which absorb in the ultraviolet 
region owe their activity to numerous valence elec- 
trons, as in the complex FeCU’, or to electrons in 
a single atom, po.ssible hydrated, as in the rare- 
earth elements. 

Quantitative work in the ultraviolet region is 
common, and most substances obey Bouguer-Lam- 
bert-Becr law over a wide range. In the field of or- 
ganic analysis, the ultraviolet region is most ap- 
plicable to aromatic compounds. The spectra of 
some compounds, such as phenols, may be greatly 
enhanced by using basic solutions of the samples. 
Since mjist compounds which absorb in the region 
have intense bands, it is pos.sible to analyze either 
dilute solutions or extremely small samples. For 
example, the spectrum in Fig. 6 is that of 0.01% 
acetophenone in isooetaiie in a 1-cm cell. By using 
longer cells, it is possible to detect p.00001% ace- 
tophenone in isooctane. Many substances absorb 
much more intensely than acetophenone. 



wavelength, millimicrons 

Fig. 6. Ultraviolet absorption spectrum of acetophe- 
none. 

Similarly, ultraviolet spectrophotometry is espe- 
cially useful for the determination of inorganic 
ions as simple complexes, such a.^ FeCG . PtCl8“, 
or fa . Accuracy and [irecision are usually about 
=bl-2% of the amount of material being deter- 
mined. 

As indicated above, samples are usually liquids 
although gases may also be analyzed. Because of 
relatively greater scattering of short -wavelength 
radiation, transmission measurements on turbid 
samples are difficult to interpret, and opaque sam- 
ples are seldom run by reflectance. 

Filter photometry. In filter photometry, the 
monochromator of the .spectrophotometer is re- 
placed by a filter. This filter passes a band*of light 
of a much wider range of wavelengths than those 
passed by even the poorest monochromator. For 
the example in Fig. 3. a filter which transmits blue 
light would be used in order to obtain maximum 
sensitivity. The filter chosen is usually of the color 
complementary to that of the solution, that is, the 
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filter is chosen so as to transmit best the light 
which the sample absorbs most. In the visible re* 
gion, colored glass or gelatin films containing dyes 
have been most widely used. Interference filters, 
based upon selective transmission of radiation 
through very thin metallic films between two glass 
plates, usually yield more nearly monochromatic 
bands and higher transmittance. They are used 
when their somewhat greater costs can be justified. 
Absorbing liquids and gases have been used as 
filters but are generally more cumbersome. 

Filter photometers are generally much less ex- 
pensive than spectrophotometers. Because they do 
not use monochromatic light, the calibration curves 
obtained often do not obey the Bouguer-Lambert- 
Beer law. However, by careful use of calibration 
curves, filter photometers can give sufiiciently ac- 
curate and precise results for a wide variety of ap- 
plications. 

Although filter photometers are most often used 
in the vi.sib]e region, some filters for the infiaied 
and ultraviolet regions are available. See Analyt- 
ical chemistry; Moieculan structure and 
spfcira; Opiral mlihods of chfmuai analv- 
srs. [r.f.c,. I 

Bibliography: (i. R. Harrison, R. C. Loid, anci 
J. R. Loofbourow. Practical Spectroscopy, 1948; 
M. C. Mellon. Analytical Absorption Spectroscopy, 
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Spectroscopy 

Spectroscopy pertains to the production and inves- 
tigation <)f spectra, the phenomena observed when 
all the electiomagnetic radiations <*haracteristic of 
a particular source of radiant energy are sepaiated 
into an airav of constituent colois. 'wavelciigth.s, or 
frequencies (see Efft IROMALNKTH radiation; 
Spectri^m). The wavelengths are separated by re- 
fraction in a transparent prism, by diffraction 
from a ruled grating, or by diffraction in crystal- 
line solids. Instiuments designed for this purpose 
are called spectroscopes, spectrographs, spectrom- 
eters, or spectrophotometers. 

The significanc e and importance of spectroscopy 
dates from 1860 when C. Kirchhoff and R. Bunsen, 
by s\stematically comparing the sun’s spectrum 
with flame or spark spectra of .salts and metals, 
made the first chemical analysis of the Sun’s at- 
mosphere. and thus laid the foundation for spec- 
tiochemical analvsis and astrophysics. Most of the 
progress in the desciiption. interpretation, and ap- 
plications of spectra dates from 1910 when the 
first international standards of wavelength were 
adopted. These and later standards made it possi- 
ble to measure with unprecedented accuracy the 
wavelengths occurring in any spec trum whatsoever. 
In thin manner, spectroscopv has gathered wave- 
length data for several million lines observed in 
atomic and molecular spectra extending from the 
extreme ultraviolet to the far infrared and embrac- 


ing more than 60 octaves, as compared with the 
single visible octave known in 1800. 

Spectroscopic units. In stating the wavelengths 
of spectral lines, various units of length are com- 
monly employed in different parts of the spectrum, 
namely, 

1 micron (p) 10^^ cm 

1 millimicron (mp) *- 10“^ cm 
1 angstrom (A) * 10“* cm 
1 X-unit, or Siegbahn unit (XU) S cm 

For more exact definitions, see Anlstrom; Mi- 
cron ; X-UNlT. 

Classification by wavelength. Because so small 
a portion of the entire gatnut of electromagnetic 
radiation is visible, spectroscopy has been subdi- 
vided into several ranges of wavelength, according 
to the method of either producing or detecting the 
radiations. Thus, theie is x-ray spectroscopy, ultra- 
violet spectroscopy, visual spectroscopy, infrared 
spectroscopy, microwave spectroscopy, and radio- 
frequency spectroscopy. No sharp division exists 
between these successive ranges, and theie is usu- 
ally a con.siderable overlap. 

X-ray spectroscopy. This covers 17 octaves, ex- 
tending from about 0.()()6 to over 1000 A, and the 
methods of detection include photography. fUiores- 
cence, and ionization. See X-ray fi ijorlsci nc e 

ANALYSIS. 

Ultraviolet spectroscopy. This extends from 
about 6 to .1800 A, and the methods of detection 
are photographic, photoelectric, and ladiomctric. 

Visual spectroscopy. Because of certain prop- 
erties of the human eye, visual spectroscopy is 
limited to a relatively small portion of the electro- 
magnetic spectrum. As officially defined bv the 
Commission Internationale de TEclairage (Interna- 
tional Commission on Illumination), the average 
human eye responds to light waves between about 
3800 A (violet) and 7800 A (red) in length, with 
a maximum response at 5550 A in the vellow-green 
region (Fig. 1). The most common visible spec- 
trum presented by nature is the rainbow. In ad- 
dition to visual perception, this octave of the 
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Fig. 1. Spectral sensitivity of the human eye. (From 
G. R. Harrison, R. C. Lord, and J. R. Loofbourow, Prae- 
ficai Spectroscopy, Prenfiee-Hall, 1948) 
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Typical spectra obtained in the visible replon. (o) Molecular hydrogen, (b) Atomic hydrogen, (c) 
Sodium-vapor lomp (D lines), (d) Helium, (e) Neon, (f) Lithium, (g) A^rcury. (h) Iron. (1) Barium, (j) 
Calcium, (k) Frounhofer absorption lines. (/) Tungsten filament lamp, (m) Fluorescent lamp. (Bausch 
and Lamb) 





bpectrum is readily detected by photography, pho- 
totubes, and radiometeis. 

Infrared spectroscopy. 'Fhis extends from the 
long-wave (7800- A) limit of visibility to about 1 
mm or 10^ A. Photographic detection stops a little 
beyond 10,000 A ; photocondiictive detectors such 
ass lead sulfide or lead telluride die generally used 
between 10,000 and *>0,000 A, but radiometers, 
that is, bolometers or thei mopiles, are used to de- 
tect waves of greater length, up to 1 mm. See In- 
^RARKD SI>l-CTROS( OPY ; KaDIOM^ IRY. 

Microwave spectroscopy. This indudes waves 
from about 1 mm to about 30 ( m in length, or fre- 
quencies from 3 X 10” sec ^ to 10" sec ^ Hecaiise 
neither the ordinary methods for infrared spectros- 
copy nor the conventional ladio ciuuits were capa- 
ble of genet dting or dete< ting mi< lowaves, this gap 
lemaineil iininvesiigated until radar was de\cloped 
during Woild Wai 11 Now inn rowaves ate effi 
denlh geneialed bv ca\ily lesonators driven b\ 
\elo( it\-modulated eledron beams, transmitted bv 
hollow wave guides, and detected liv civstal recti- 
fiers .Sec Mkkowavi spk trosc opv. 

Radio ficquencs spectrosi op\ This is concerned 
with wavelengths tanging (lom about 30 cm to 
inanv kilomc'ters, generatc'd in more oi less lon- 
ventioiial tadui ciKuits mi<h as vacuum-tube oscil- 
lators Resonant lecciving circuits seivc to detect 
these waves Radio waves and miciowaves are pro- 
diic c*d bv the ordeic*d, sync hioni/ed motions of free 
elections moving undei the contiol ot a lesonant 
c itc uit or cavit> All elec'tioiis in a radio-frectuenev 
souice os< illate with the same phase and fre- 
cpiencv The output frec|uency car be vaiied oi 
modulated to scan a spectral range, so that no dis- 
t»eisive instrument is needed in radio-frecpiencv 
spcctroscopv The most fruitful application ol the 
method of molec ular oi atomic beams has bee i as 
a spre troscMipic device in this laiige of fiequen 
cies. This method is iisuall) characterized bv the 
production of an extremely well defined beam of 
neutral atoms or molecules which is then subiected 
to further study by the application of one or moie 
influenc^es which modify the subsecpient traiectoiv 
of the particles in the beam. See Molkc ular beams; 
RaDIO-J'RFC^III ncy spi ctroscopy. „ 
Interpretation of spectra. After spectra have 
been pioduced, cdiserved, and lecorded in detail, 
certain measurements must be made befoie they 
can be intei preled and applied for specific pur- 
poses. The measurements in line spectra consist 
of wavelength or fiecjuency deteiminations c'orre- 
sponding to each radiation or line, relative br ab- 
solute intensities, line widths, shapes, hyperfine 
structures, and isotope effects. The interpretation of 
such measurements leads either ( 1 ) to chemic*al 
identifications and quantitative determinations 
f spectrochemical analysis), (2) to deductions as 
to the structure of atoms and molecules, or (3) 
when hyperfine structures are resolved, to evalua- 
tion of intrinsic properties of atomic nuclei. See 
Atomic structure and spectra; Hyperfine 
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structurl; Isotope shih ; Molecular struciurl 
and spectra. 

Spectrochomical analysis. This refers to the 
chemical identification and quantitative analysis of 
matter by means of spectra that are uniquely char- 
acteristic of atoms and molecules. The basic prin- 
ciple of spectrochemical analysis — that emission 
and absorption spectra are characteristic of the 
atoms and molecules that produce them was first 
clearly stated by G. Kirchhoff and R. Bunsen in 
1860; it led almost immediately to the discovery of 
four new chemical elements (cesium, rubidium, 
thallium, and indium ) and a preliminary chemical 
analysis of the sun’s atmosphere. In 1874, N. Lock- 
ver pioposcd a second piinciple in his statement 
that “while the qualitative spectrum analysis de- 
pends upon the positions of the lines, the quantita- 
tive analysis depends . . . upon their brightness 
and number as compared with the number visible in 
the spectrum of pure vapor.” It is observed that 
when one element is progressively, diluted in an- 
othei, the spectrum of the diluted element becomes 
weaker until the strongest line vanishes when the 
concentration falls below the limit of spectroscopic 
detection. See Sph iRcxHi-MirAL anaiysis. 

Proceduies similai to those in sf»ec*trochemical 
analysis are used in x-ray spectroscopy, except that 
Geiger counters or scintillation counters receive 
the selected radiations, which range in wavelength 
from about 0 I to 10 A. 

Astronomical spectroscopy. This is a major 
branch of astrophysics in whieh light from celestial 
objects is dispel sed into spectra for the purpose of 
obtaining information c'oncerning the sun, planets 
stais, nebulae, comets, and meteors. The light from 
these natural sources is spiead out into spectia ei- 
ther by placing a prism in front of an astronomical 
telescope or by attaching a spectrograph at the 
obseiving end of a telescope. The types of informa- 
tion obtained from astronomical bpectra include 
chemical composition, temperature, pressure, den- 
sitv, magnetic fields, elec'tric foices, and radial ve- 
locity (or motion in the line of sight) which often 
give additional information about stellar rotation, 
convection, and turbulence, and serve to identify 
so-called spectroscopic binaries. The original visi- 
ble range of wavelengths (3800-7800 A) of astro- 
nomical spectroscopy was extended to 3000-10,- 
000 A liy photography. The infrared solar spectrum 
has been explored with photcKletectors and radi- 
ometers, and still longer waves in the radio-fie- 
qiiency range are received by radio telescopes. 
Wavelengths shorter than about 3000 A from ce- 
lestial sources cannot be detected on the earth’s 
surface because they are absorbed by oxygen and 
ozone in the terrestrial atmosphere, but since 1946, 
rockets have carried spectrographs sufficiently high 
to photograph the sun’s spectrum in the extreme 
ultraviolet to about 900 A. See Astronomical 
spectroscopy ; Radio astronomy. 

Raman spectroscopy. This records the scattered 
radiations resulting from the illumination of trans- 
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parent matter with an intense beam of light con- 
taining approximately monorhromatir radiation. 
When bright beams of monochromatic light pass 
through clear gases, liquids, or solids, a small 
fraction of the incident energy is absorbed by 
molecules and reradiated as light of (usually) 
greater wavelength. The differences between the 
frequencies of the incident light and the scattered 
rays correspond to vibration or rotation frequen- 
cies of the molecules normally observc'd in infrared 
spectra. Thus, Raman spectroscopy supplements 
infrared spectroscopy by determining the funda- 
mental frequencies of molecules from measure- 
ments in the visible and ultraviolet (between 6700 
and 2500 A ) . Because of the ver> low intensity of 
Raman lines compared with the inf*ident radiation, 
intense line sources and efficient spectrographs 
have been developed for Raman spectroscopy. For 
an extended discussion, acc Raman Eri-Ki i. 

Light sources. The sources of light employed 
for spectroscopic studies may be divided into two 
groups, depending on whether the> emit <*ontiniious 
oi dis<*ontinuouh spectra. Hot, incandescent solids, 
such as a Welsbach gas mantle, tungsten-lamp fila- 
ment, Nernsi glowei. or C lobar lamp, alwavs emit 
broad continmuis spectra with a maximum intensity 
at a wavelength that varies approximately inverseK 
as the absolute temperature. These spectia are de- 
pendent only upon temperature and eniissivitv of 
the ladiator: their piincipul use in experimental 
spectroscopy is to provide continuous backgrounds 
for the observation of absorption spectra of gasps, 
vapors, solutions, or solids in the near ultiaviolet. 
visible, and infrared ranges. Iligh-voltagc dis- 
charges in hydiogen. or between metal clectnidcs 
under watei. are also suitable sources of contiiiiia 
for the study of absorption spectra in the visible 
and ultiaviolet. For the study of absorption in the 
vacuum ultravitdet, electrical discharges in noble 
gases at high picssures produce the continuous 
backgrounds. 

Light soiines that produce discontiiiiioiis spectra 
are flames, furnac-cs, and electrical discharges in 
an s and sparks at atmospheric pressure or in 
lamps (imtdining gases nr metal vapnrs at icduced 
picssiiie. In these sources, bright lines with dif- 
fcient wavelengths are emitted by atoms, ions, or 
mole<*ules excited to radiate uniquely character- 
istic spectia. The individual particles are excited 
bv absorbing energy either from collisions with 
other atoms or elec tii< ally charged particles, or 
from inc ident radiutic»h. 

Flames, It has Jong been ciistomarv in elemen- 
tary chemistry classes to demonstrate specirochemi- 
cal idcmiification bv dipping a platinum wire into 
salt solutions, inserting it in a bunsen burner, and 
observing the siiectnim of the colored flame with a 
bunsen spcc-t'-oscope or amici prism. Because the 
temperature of this flame is near 2()()()®C, the ki- 
netic energy of atomic* collisions excites only the 
stronger lines of simple spectra. Flame photometry 
has become a popular method for determining the 


alkali or alkaline-earth content of solutions sprayed 
into the flume. In the hotter oxyacetylene flame, 
atomic spectra are more efficiently excited, and at 
least 34 chemical elements can be thus recognizc'd 
and measured. See Flame PHoroMi.TRY. 

Electric furnaces. Metallic spectra in which the 
excitation is pure thermal energy, as in flames, are 
more effectively produced in an evacuated furnace 
in the form of a carbon tube heated by forcing 
large electric currents through it. The temperature 
may he controlled between 1500”C. where spectra 
begin to appear, and .H600°C, where the carbon 
tube tends to fail. Small samples of metal are 
placed in a porcelain boat in the carbon tube and 
the luminous vapor is imaged on the slit of a spec*- 
trograph. If a carbon plug is inseitcd in one end of 
the tube, it emits a continuous hackgniiind fur the 
study of absorption spectra of metal vapors. 

Electric sparks. The high-voltage c*ondenstd 
spark is the most energetic source for generating 
atomic and ionic spec*tra. The spaik consi^N of dis- 
charges from one or more electiical condensers 
connec'ted. in parallel with the spark gap, to the 
se(*ondaiv terminals of an alteinating-c iiiienl trans 
former that elevates the piimaiy ( 110 oi 220) volt 
age to 11,000 oi moie volts (Fig. 2). The « oiidens- 



T 


Fig. 2. Electrical circuit for operating o spark. T, 
high-voltage step-up transformer, P, primary, S, sec 
ondary; C, condenser; L, self-inductance (used if it is 
desired to suppress air lines); G, spark gap. (From 
G. R Harrison, R C Lord, and J R Loofbourow, Prac- 
tical Spectroscopy, Prentice-Hall, 1948) 

CIS are chaiged on every half cycle to the break- 
down potential of the spark gaji An oscillating 
current then flows in the spark circuit writh an 
iiiitiul value of / » WC 7., where T is the c*on- 
denser voltage, C the c apac italic e in iarads. and L 
the circuit jndii(*lanc’e in henrys. This initial < ui- 
renl may he many hundreds ol amperes, resulting 
in high effettiye temperatures. When operated in 
the highest attainable vacuum, mjcIi sparks prodiic*e 
multiple ionization of atoms, even to the point of 
temporarily removing all their electrons, and the 
coTiespondiiig temperature is estimated at several 
million degrees. 

Geissler lubes. In 18.58, H. (ieissler prepared an 
efficient light source by passing electrical di*'- 
I’harges through gases at reduced pressure con- 
tained in a small-bore glass tube connecting two 
larger-bore tubes provided with internal electrode*^ 
(Fig. 3). Because Oissler tubes operate at ordi- 
nary temperatures and low gas or vapor pressures, 
they emit sharp lines with high intensity, and there- 
fore have been used to study the spectra of all 
natural gases and of metals with low boiling 



Fig 3 Geissler tube (From G R Harrison, R C Lord, 
and J R Loofbourow, Practical Spectroscopy, Pren 
ticeHall, 1948) 

points Since 1910, modified forms of C^cissler 
tubes ( ontaining helium, neon argon, or men ury 
have become familiar to e\eivone as luminous signs 
or fluorescent tube lumps 

HoUow iathodi disthargt Another type of light 
souice designed espei idJl> foi high rt solution spec 
tioscopy, consists of a hollow c^llndrlcdl metal 
( dthode and an anode c nc lose d in a glass c hambe r 
( ontdining a small amount ol pure noble gas 
(Fig 4) When a potential difTeicnce of about 
1000 volts is applied some of the cathode mate 
iial or any <»theT metal within it is vaporized by 
bomb iidrnent of the noble gas ions and excited b\ 
collisions with electrons Since the cathode radi 
alts at low pressuie and ina\ be cooled with licpiid 
an tills lamp voids itoriiic sp^^diiim lines of the 
gre il shaipiiess clesiicci tor the investigation of iso 
tope sliiltsancl liv[ieifinc stiiic lines 
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produc mg a spectrum for visual observation A com- 
plete spectroscope, consisting of slit, collimator 
lens, prism, and telescope was first assembled by 
R Bunsen in 1859 (Fig S) When a light sourc^e 
illuminates the slit the transmitted rays are col 
limalcd by a lens to fill a glass prism which refracts 
and disperses the rays by virtue of different refrac 
ti\e indices for different colors which are then 
foe Used by a telesc ope to form moncx hromatic 
images of the slit in a speclial airay fiom red to 
\ lolet with me reasing refrac tion 



Fig 5 Prism spectroscope or spectrograph S, slit, 
C, collimator lens, P, 60 prism, T, telescope RV, red 
to violet spectrum For producing ultraviolet spectra, 
the glass items in C P, and T must be replaced by 
equal amounts of left and right handed crystal quartz 



Fig 4 Hollow cathode discharge tube A anode C 
cathode (From G R Harrison R C Lord and J R 
Loofbourow Practical Spectroscopy, Prentice Hall 
1948) 


J ht simfdc'st spec trosc ope ( whic h c an be poc ket 
si/cd) consists of a cemented tiain of light ciown 
and dense flint glass prisms (Fig 6) Invented in 
1860 by (v B Amin this direc 1 vision spec trosc ope 
consists oi two pi isms of ciown glass having a low 
1 itio of dispersion to index of ref taction ctinented 
to a piism of flint glass with a high ratio of dis 
persioii to icfractive index The prism angles are 
c host 11 so that the ccntial spectral ray is undevi 
ited upon emergence but all other lavs are re 
fiactc d and dispersed The dispeision and riscdving 
powf r c an be me reasc d bv assc mbling trains of five 
or seven prisms See Dispi-rsion (radiaiioin ) , 
Prism optic \i , Ri-iRArTiON oi- wavfs, Kfsolvinc, 
powiR t optics) 


Hertroddf v? disfhargt s \ simple and extremely 
useful light source has been de\elopc*d since 1 >16 
when ladai and miciowave generators became gen 
c lallv available It consists of an c ItcticicVlf ss glass 
or iiuart? tube containing a minute, amount of vola 
tile metal or compound plus a trace of argon gis 
excited in alternating elec ti omagnetic fiedds of 
ultra high fiequencv 200 WOO megacycles per 
second Because the pressuie is low and the tern 
pe^atiire is moderate these lamps produce intense 
spectra of sharp lines, and because they operate 
with mic rograin samples, they are extremely useful 
lor investigating spectra of artificial and highly 
radioactive elements 

Instrumentation. The important instruments 
that are used in spectroscopy include spectroscopes 
‘-pectrometers, spectrographs, interfeiometers and 
spec ti ophotometers 

Spettroscope This is an optical instrument that 
separates composite light into its c omponents, thus 



Fig 6 Direct vision spectroscope ABC and DEF, 
crown glass prisms, BCD, flint glass prism, RV, red to 
violet spectrum 


The most commonly used visual spectroscope is 
probably the constant (right angle) deviation tvpe 
(Fig 7) introduced in 1904 Provided with cali- 
biated wavelength scales coiled on a drum con- 
nected with a rotating prism of tetragonal form, 
the best of thebe lUbtrumenta enable one to measure 
with an arc uracy of 1 2 A from 1900 to 8000 A 
Spectrometer This is a spectroscope provided 
with M ales for the measurement of wavelengths or 
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Fig. 7. Constant-deviation spectroscope. S, slit; C, 
collimator lens; P/ glass prism; 1, telescope tens; E, 
eyepiece. 


for the measurement of indices of refraction of 
transparent prism materials. The constant-devia- 
tion spectroscope with calibrated drum (Fig. 7) is 
the most convenient spectrometer for measuring 
wavelengths. The bunsen spectroscope (Fig. 5) is 
converted to a spectrometer if circular scales are 
attached to measure the angles of incidence and 
refraction referred to normals to the prism faces. 
Then the index of refraction of the prism for a 
wavelength is the ratio of the sine of the angle of 
incidence to the sine of the angle of refraction for 
that wavelength. 

Spectrograph. This is a spectroscope provided 
with a photographic camera or other device for 
making a record of the spectrum, called a spectro- 
gram. In principle, the spectroscope becomes a 
spectrograph when a photographic plate or film is 
substituted for the eyepiece. However, another sub- 
stitution is required in glass prism spectrographs 
if the ultraviolet is to be recorded; glass is opaque 
to radiation of wavelength below about 3500 A and 
must be replaced by transparent crystal optics such 
as natural quartz, which transmits to about 1800 A. 
Two types of quartz spectrographs are in common 
use for recording ultraviolet and visible spectra. 
Because of double refraction in crystal quartz, it is 


necessary to use equal amounts of so-called left- 
and right-handed quartz to avoid double images of 
the slit (see Birefringence; Crystal optics; Op- 
tical materials). One type of quartz spectro- 
graph is made of two 30^ prisms, left- and right- 
handed, as well as left- and right-handed lenses, so 
that the rotation occurring in one-half the optica] 
path is exactly compensated by the reverse rotation 
in the other (Fig. 5). Prism spectrographs employ- 
ing the principle of autocollimation accomplish this 
by the use of a Littrow 30** quartz prism with a rear 
reflecting surface (Fig. 8) that reverses the path of 
the light through prism and lens, thus compensat- 
ing for rotation of polarization in one direction by 
equal rotation in the opposite direction. A spectro- 
graph with optics of lithium fluoride can be used 
to record spectra to 1100 A, but all crystalline ma- 
terials are opaque to shorter waves until the x-ray 
range is reached, where atoms of crystal planes 
act like diffraction gratings to produce spectra. 

The most powerful and useful spectrographs em- 
ploy ruled diffraction gratings. The grating spectro- 
graphs now available surpass prism spectrographs 
in dispersing and resolving powers. Furthermore, 
theses powers remain practically constant through- 
out a grating spectrum, whereas in prisms they vary 
considerably with the wavelength. Modern diffrac- 
tion gratings are reflection gratings; when com- 
bined with concave mirrors, they can form spectro- 
graphs whose freedom from all absorbing material 
makes them uniquely useful in the spectral ex- 
tremes (extreme ultraviolet and far infrared) where 
all prisms are opaque. See Diffraction; Diffrac- 
tion CRATING. 

Interferometer, This is an optica] device that di- 
vides a beam of light into two or more parts which 
travel different paths and then recombine to form 
interference fringes. Since an optical path is the 
product of the geometric path and the refractive 
index, an interferometer measures difference of 
geometric path when the two beams travel in the 
same medium, or the difference of refractive index 
when the geometric paths are equal. Interferome- 
ters may be used to measure a length, a difference 
in optical path or wavelength, or a refractive in- 
dex. Because interference fringes enable one to 
measure distances which are small fractions of the 
length of a light wave, as well as determine with- 



Fig. 8. Littrow quartz spectrograph. S, slit; totally P 2 , Littrow quartz prism; C, camera; RV, red to violet 
reflecting quartz prism; L, autocoliimating quartz lens; spectrum. 



out error any number of integral waves, interferom- 
eters are used for all precision measurements in 
optics and spectroscopy. Interferometers that pro- 
duce interference fringes with multiple beams pos- 
sess the maximum practical resolving power; they 
may resolve spectral lines that differ in wavelength 
by less than 10"® of a wave, such minute differences 
frequently being encountered in investigations of 
isotopic effects on spectra. See Interference of 
waves; Interferometry. 

Spectrophotometer, This is an optical instrument 
devised for the measurement of radiant energy 
distribution or radiant flux as a function of wave- 
length. ft is essentially a spectroscope provided 
with calibrated spectral energy detectors (visual, 
photographic, photoelectric, or radiometric) and 
is used for measuring the relative absorbance, 
transmittance, or reflectance at different wave- 
lengths characteiizing any mateiials. .See Spectro- 
PHOTOMETRIC ANALYSIS. 

Identification of spectrum lines. Spectrum lines 
are identified as to their chemical origin first and 
foremost by their wavelengths, the most accurately 
measured property of the lines. Several hundred 
wavelengths characteristic of a half-dozen chemical 
elements (cadmium, iron, thorium, neon, argon, 
krypton, and mercury) have been determined to 
eight figures to serve as standards (.see Wave- 
length standards). Relative to these standards, 
many thousands of wavelengths from atoms, ions, 
and molecules have been measured to seven figures, 
and hundreds of thousands to six figures. Operating 
with wavelengths between 2000 and 9000 A, spec- 
troscopists readily identify and deU'mine more 
than 70 chemical elements in the analysis of com- 
plex mixtures. If the atomic and ionic spectra of 
these 70 elements were fully recorded, they would 
he represented by approximately fiOO.OOO lines, 
and, if evenly distributed, their average separation 
would be only 0.014 A. However, the density of 
lines per angstrom is much greater in the ultra- 
violet than in the infrared and visible regions, so 
that it would seem that six-figure accuracy in wave- 
length measurements is insufficient for unambigu 
ous identification of spectral lines. Fortunately, this 
problem is simplified by the fact th^jt' elements 
diluted in mixtures exhibit simplified spectra as a 
function of dilution, until in the limit a single line 
remains to represent a spectroscopic trace. Further- 
more, no samples for spectrochemical analysis (ex- 
cepting synthetic mixtures) ordinarily contain 
more than 12-24 chemical elements. It therefore 
appears that six-figure accuracy in wavelengt\i is 
usually ample for positive identification of a chemi- 
cal element. 

A second property of spectral lines that is useful 
in confirming spectral identification of chemical 
elements is the intensity ratio of two or more lines 
of each element. For example, if the line 5895.92 A 
has been identified as sodium, the line 5R89.9S A 
inust also be present because it is twice as intense. 
Although line intensities cannot be measured with 
the same accuracy as wavelengths, approximate 
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relative intensities of many thousands of spectral 
lines are known, and should be used to confirm the 
spectroscopic identification of a chemical element 
whenever its abundance exceeds a spectroscopic 
trace. Fw.f.m.] 

Bibliography, E. U. Condon and C. H. Shortley, 
The Theory of Atomic Spectra, reprint, 1951; 
G. R. Harrison, R. C. I^rd, and J. R. Loofbourow, 
Practical Spectroscopy, 1948; G. Herzberg, Atomic 
Spectra and Atomic Structure, 2d ed., 1944; 
G. Herzberg, Molecular Spectra and Molecular 
Structure, 2 vols., 2d ed., 1950; R. A. Sawyer, 
Experimental Spectroscopy, 2d ed., 1951 ; H. E. 
White, Introduction to Atomic Spectra, 1934. 

Spectroscopy of combustion 

An experimental technique for obtaining data from 
flames without interfering with the combustion 
process. The spectrum of light emitted or absorbed 
in a flame is a physical property of the materials 
present in the flame. See Spectroscopy. 

Flame spectra are used in interpreting combus- 
tion mechanisms and in determining flume tempera- 
tures. Various spectrographic techniques are used 
depending on the type of measurement desired. The 
method of line reversal, in which the radiation in- 
tensity from thermally excited metal atoms is com- 
pared to a black body lamp filament of controllable 
brightness, is one technique that gives a measure of 
temperature; it can be handled by simple equip- 
ment with only filters to isolate the necessary radia- 
tion. An example is the addition of small amounts 
of sodium salts to gaseous or liquid fuels; the tech- 
nique is known as sodium D line reversal. 

Band spectra from reactive combustion inter- 
mediates are usually studied with a spectroscope 
of cither the prism or grating type; for extremely 
fine resolution, an interferometer is sometimes 
used. The dispersed radiation is detected either 
photographically or by photomultiplier tubes. Pho- 
tography is of value in recording spectra over a 
range of wavelengths simultaneously. If only spe- 
cific lines are of interest, two or more photomulti- 
plier tubes can be used to record relative line 
brightnesses. A continuous scan of a spectrum can 
be achieved by moving one phototube and slit along 
the focus of the spectral radiation and displaying 
the output on an oscilloscope. 

The band spectra from flames has been associ- 
ated with the quantized energy changes in mole- 
cules due to rotation and vibration. Each spectral 
line in a band spectrum represents a discrete 
energy level Under equilibrium temperature condi- 
tions, there is ideally a Maxwell-Boltzman distribu- 
tion of molecules in different energy states. Accord- 
ing to the kinetic theory of gases, this is a dynamic 
equilibrium with molecules having their energy 
distributed in a specific way over these energy 
states. The radiation of light is a measure of the 
number of molecules in the process of changing 
energy levels. From these measurements, on band 
spectra, flame temperatures and reaction intermedi- 
ates can be determined. See Burning velocity 
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Bibliography: A. C. Caydon, Spectroscopy and 
Combustion Theory^ 2d ed., 1948. 

Spectrum 

The term spectrum is applied to any class of simi- 
lar entities or properties strictly arrayed in order 
of increasing or decreasing magnitude. In general, 
a spectrum is a display or plot of intensity of radia- 
tion (particles, photons, or acoustic radiation) as a 
function of mass, mcfinentum, wavelength, fre- 
quency, or some other related quantity. For ex- 
ample, a /3-ray spectrum represents the distribu- 
tion in energy or momentum of negative electrons 
emitted spontaneously by certain radioactive nu- 
clides, and when radionuclides emit a-particles, 
the> produce an a-particle ‘«pectrum of one or more 
characteristic energies. A mass spectrum is pro- 
duced when charged particles (ionized atoms or 
molecules) are passed thiough a mass spectro- 
graph in which electric and magnetic* fields deflect 
the particles according to theii charge-to-mass 
ratios (see Mass spfc trosc opf ). The distribution 
of sound-wave energy over a given range of fre- 
cpiencies is also called a spectrum (.vee Sound). 

In the domain of electromagnetic radiation, a 
spectrum is a series of radiant energies arranged 
in order of wavelength or of frequenc*y. The entire 
range of frequencies it. subdivided into wide inter- 


vals in which the waves have some common charac- 
teristic of generation or detection, such as the 
radio-frequency spectrum, infrared spectrum, visi- 
ble spectrum, ultraviolet spectrum, x-ray spectrum, 
and sc> on (see Electromagnetic radiation). 
Spectra are also classified according to their origin 
or mechanism of excitation as emission^ absorption, 
continuous, line, and band spectra. 

An emission spectrum is produced whenever the 
radiations from an excited light source are dis- 
persed. Excitation of emission spectra may be by 
thermal energy, by impacting electrons and ions, 
or by absorption of photons. Depending upon the 
nature of the light source, an emission spectrum 
may be a continuous or a discontinuous spectrum, 
and in the latter case, it may show a line spec- 
trum, a band spectrum, or both. 

An absorption spectrum is produced against a 
background of continuous radiation by intei posing 
matter that i educes the intensity of radiation at cer- 
tain wavelengths or spectial regions. The energies 
removed Irom the continuous spectrum by the in- 
terposed absorbing medium are prec'iselv those that 
would be emitted by the medium if properly ex- 
cited. This reciprocity of absorption and emission 
is known as Kirchhoff's principle; it explains, for 
example, the absorption spectrum of the ftin, in 
which thousands of lines of gaseous elements ap- 
pear dark against the continuous-spectrum back- 
ground. 



(b) 



Source 


Red 

gloss 
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gloss 

DIdymium 

gloss 


Photographs of continuous spectra of a black body, 
(o) Continuous emission spectra of a solid at the three 
temperotures indicated, taken with a quartz spectro- 
graph. The spectra for 1000 and 3000^C were eb- 
toined from a tungsten filament. That for 4000°C is 
from the positive pole of o carbon ore. The wavelength 
scale is marked in hundreds of ongstroms. (b) Con- 


tinuous absorption spectra. The upper spectrum Is that 
of the source alone, extending roughly from 4000 to 
6500 A. The others show the effect on this spectrum 
of interposing three kinds of colored gloss, (from F. A. 
Jonkins and H. E. White, fundammnfals of Optics, 3d 
ed., McGrow-Hi//, 1957} 




A continuous spectrum contains an unbroken se- 
quence of waves or frequencies over a long range 
(see illustration). All incandescent solids, liquids, 
and compressed gases emit continuous spectra, for 
example, an incandescent lamp filament or a hot 
furnace. In general, continuous spectra are pro- 
duced by high temperatures, and under specified 
conditions the distribution of energy as a function 
of temperature and wavelength is expressed by 
Planck’s law. See Planck’s radiation law; see 
also Heat radiation. 

Line spectra are discontinuous spectra charac- 
teristic of excited atoms and ions, whereas band 
spectra are characteristic of molecular gases or 
chemical compounds. See Band spectrum; Line 
SPECTRUM; see also Atomic structure and spec- 
tra; Molecular structure and spectra; Spec- 
troscopy. [w.F.M.] 

Spectrum analyzer 

A device which sweeps over a portion of the radio- 
frequency spectrum, responds to signals whose fre- 
quencies lie within the swept band, and displays 
them in relative magnitude and frequency on a 
cathode-rav-tube screen. 

In essence, it is a superheterodyne receiver hav- 
ing a local oscillator whose frequency is varied 
c>clicall>, usually at the power-line frequenev. The 
block diagram of a typical spectrum analyzer is 
shown in the illustration. 

Signals whose frequencies lie within a range 
equal to the bandwidth of broad-band i-f (inter- 
mediate-frequency) amplifier 1, can be heterodyned 
by local oscillator 1 and converted *o within the 
pass-band of that i-f amplifier (jce Radio re- 
ciivlr). The resulting spectiura is scanned by local 
oscillator 2 and. in a second conversion, swept b ick 
and forth across narrow-band i’f amplifier 2. This 
amplifier is tuned to a frequency outside the pass- 
band of i-f amplifier 1. Whenever a signal lying 
within the spectrum is swept across the pass-band 
of i-f amplifier 2, a burst of energy passes through 
that amplifier to the detector and produces a pulse 
that is applied to the vertical-deflection plates of 
a cathode-ray tube. Since the heterodyne process 
maintains a linear relation between inppt and out- 
put, the magnitude of the pulse is proportional to 
the strength of the input signal. The horizontal de- 
flection of the cathode-ray spot is obtained from the 



Block diogrom of typical ipoctrum onalyzor. 
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same source as the sweep signal applied to local 
oscillator 2, thereby providing a display corre- 
sponding to frequency. 

Spec^trum analyzers are used specifically to study 
the spectra of pulsed transmitters, such as radar, 
to make sure that they are operating properly, 
without spurious emissions. Spectrum analyzers are 
often built into test equipment and military identi- 
fication receivers. As an aid in making accurate 
frequency measurements they are used as compari- 
son devices to indicate when coincidence occurs 
between a known and an unknown signal or to lo- 
cate an unknown frequency with respect to a 
“picket- fence” spectrum generated from a standard 
frequency. See Electric power measurement; 
Frequency measurement. For discussion of sound 
spectrum analyzers see Noise measurement. 

Ld.b.s.] 

Speech 

A set of audible sounds produced by disturbing 
the air through the integrated movements of cer- 
tain groups of anatomical structures. Humans at- 
tach symbolic values to these sounds for communi- 
cation. There are many approaches to the study of 
speech. 

SPEECH PRODUCTION 

The physiology of speech production may be de- 
scribed in terms of respiration, phonation, and 
articulation. These interacting processes are acti- 
vated. coordinated, and monitored by acoustical 
and kinesthetic feedback through the nervous sys- 
tem. 

Respiration. Most of the speech sounds of the 
major languages of the world are formed during 
exhalation. Consequently, during speech the period 
of exhalation is generally much longer than Aat of 
inhalation (see Respiration). In providing a sub- 
laryngeal air supply, the respiratory muscles co- 
ordinate with the laryngeal and supralaryngeal 
muscles to produce suitable driving pressures for 
the formation of many speech sounds (Fig. 1). The 
aerodynamics of the breath stream influence the 
rate and mode of the vibration of the vocal folds. 
This involves interactions between the pressures 
initiated by thoracic movements and the position 
and tension of the vocal folds. 

The pressure pattern of the sublaryngeal air is 
closely related to the loudness of the voice and ap- 
pears to be correlated with the perception of stress. 
For example, the word “permit” may be either a 
noun or a verb, depending on the placement of 
stress. Various attempts have been made to corre- 
late units such as the syllable and the phrase to the 
contractions of specific respiratory muscles. How- 
ever, the relation between Ae thoracic movements 
and the grouping of speech sounds is poorly under- 
stood. 

Experimental studies on respiration for speech 
production employ techniques such as pressure and 
electromyographic recording at various points 
along the respiratory tract, as well as x-ray pho- 
tography to investigate anatomical movements. 
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Fig. 1 Sagittal section of the head and thorax. (G. E. 
Peterson) 


Phonation. The phonatory and articulatory 
mechanisms of speech may be regarded as an acous- 
tic al system whose properties are comparable to 
those of a lube of varying cross-sectional dimen- 
sions. At the lower end of the tube, or the vocal 
tract, is the larynx. It is situated directly above the 
trachea and is composed of a group of cartilages, 
tissues, and muscles. The upper end of the vocal 
tract may terminate at the lips, at the nose, or 


both. The length of the vocal tract averages 16 
centimeters in men and may be increased by either 
pursing the lips or lowering the larynx. 

Mechanism of phonation. The larynx is the pri- 
mary mechanism for phonation, that is, the genera- 
tion of the glottal tone. The vocal folds consist of 
connective tissue and muscular fibers which attach 
anteriorly to the thyroid cartilage and posteriorly 
to the vocal processes of the arytenoid cartilages. 
The vibrating edge of the vocal folds measures 
about 23 27 millimeters in men, and considerably 
less in women. The aperture between the vocal 
folds IS called the glottbs (Fig. 2). The tension 
and position of the vocal folds are adjusted by 
the intrinsic laryngeal muscles, primarily through 
movement of the two arytenoid cartilages. By con- 
traction of groups of mus( les, the arytenoid car- 
tilages may be pulled either anterior-posteriorly 
or laterally in opposite directions. They may also 
be rotated about the vertical axis by the crico- 
arytenoid muscles During whispering and un- 
voiced sounds, the glottis assumes the shape of a 
triangle, with the apex directly behind the thyroid 
cartilage 

Air pressure When the vocal folds are biought 
together and there is a balanced air pressure to 
drive them, they vibrate laterally in opposit^direc- 
tions. During pihonation, the vocal folds do not 
transmit the major portion of the energy to the air 
They control the energy by regulating the fre 
quenc y and amount of air passing through the glut 
tis. Their rate and mode of opening and closing are 
dependent upon the position and tension of the 
folds and the piessure and velocit> of air flow The 
tones are produced by the recurrent puffs of air 
passing through the glottis and striking into the 
supralaryngeal cavities. 

As the air passes through the glottis with increas- 
ing velocity, the pressure perpendicular to the di 
rection of air flow is reduced. This allows the ten 
sion of the folds to draw them together, either 
partly or completely, until sufficient pressure is 
built up to drive them apart again. It is geneiallv 
assumed that the volume flow is linearly related to 



o) 


(b) 


Fig. 2. (o) Six successive positions of the vocal folds 
in one vibration cycle at 120 cps. (b) Relotion between 


pitch and vocal fold tension. (0. W. Farnsworth) 


the area of the glottis, and that the glottal source 
has a wave form that is approximately triangular. 

Voiced sound. Speech sounds produced during 
phonation are called voiced. Almost all of the vowel 
sounds of the major languages and some of the con- 
sonants are voiced. In English, voiced consonants 
may be illustrated by the initial and final sounds 
in the following words: bathe, dog, man, jail. 
The speech sounds produced when the vocal folds 
are apart and are not vibrating are called un- 
voiced; examples are the consonants in the words 
bat, cap, sash, faith. During whispering, all the 
sounds are unvoiced. 

Frequency and pitch. The rale of vibration of the 
vocal folds is the fundamental frequency of the 
voice and correlates well with the perception of 
pitch. The frequency increases when the vocal folds 
are made taut (Fig. 26). Relative differences in the 
fundamental frequency of the voice are utilized in 
almost all languages to signal some aspects of lin- 
guistic information. Many languages use them to 
distinguish meanings between words. In Mandarin 
Chinese, for example, the utterance ‘‘ma” can mean 
“mother” or “horse,” depending upon the varia- 
tions in the fundamental frequencies. The mode of 
laryngeal vibration can be varied to change the 
acoustical properties of glottal tone. For example, 
if the vocal folds remain sufficient!) apart during 
the vibration the voice is perceived to be breathy. 

Study methods. The properties of the movements 
of the vocal folds have been studied by placing mi- 
crophones at different points in relation to the 
larynx. Experiments have also been conducted with 
electrodes inserted directly into the laryngeal 
structures of hemilaryngectomized subjects and si- 
multaneously recording their speech. Much infor- 
mation about the glottal vibration has been gath- 
ered through direct observation of the vocal folds 
by means of x-ray photography, the stroboscope, 
and high-speed motion picture photography. The 
relation between the volume flow, the mode of glot- 
tal vibration, and the spectrum of the glottal tone 
has been studied by these techniques. Several 
electronic and mechanical models have been con- 
structed to simulate phonation, based on the col- 
lated evidence from the acoustics and^ physiology 
of the larynx. 

Articulation. The activity of the structures above 
and including the larynx in forming speech sounds 
is called articulation. It involves some muscles of 
the pharynx, palate, tongue, and face and of mas- 
tication (Fig. 1). 

The primary types of speech sounds of the* ma- 
|or languages may be classified as vowels, nasals, 
plosives, and fricatives. They may be described in 
terms of degree and place of constriction along 
the vocal tract. 

Vowels. The only source of excitation for vowels 
is at the glottis. During vowel production, the 
vocal tract is relatively open and the air flows 
over the center of the tongue, causing a minimum 
of turbulence. The phonetic value of the vowel is 
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determined by the resonances of the vocal tract, 
which are in turn determined by the shape and 
position of the tongue and lips. 

The point of constriction of a vowel is where 
the cross-sectional area of the vocal tract is mini- 
mized by the humping of the tongue. At thin point 
the vocal tract is divided appioximately into an 
oral cavity in front and a pharyngeal cavity be- 
hind. Vowels are known grossly as back, central, 
and front as the point of constriction moves from 
the phaiyngeal wall anteriorly along the palate, as 
in the words boot (back), but (central), beet 
(front). Vowels are refeired to as high, mid, and 
low as the height of the tongue hump is increas- 
ingly lowered, as in the words beet (high), bet 
(mid), bat (low). As the two parameters, point ot 
constriction and tongue height, are varied, the rela- 
tions between the oral and pharyngeal cavities 
change to produce characteristic resonances for 
different vowels. 

Vowels are grossly described as rounded when 
produced with the contraction of the muscles of 
the lips, as in “he.” Since rounding lengthens the 
vocal tract, the resonances of the rounded vowel 
arc generally lower than those of the correspond- 
ing unrounded vowel. 

Nasals. The nasal cavities can be coupled onto 
the resonance system of the vocal tract by lowei- 
ing the velum and permitting air flow through the 
nose. Vowels produced with the addition of nasal 
resonances are called nasalized vowels. Nasaliza- 
tion may be u^ed to distinguish meanings of words 
made up of otherwise identical sounds, such as 
bas and banc in French. If the oral passage is 
completely constricted and air flows only through 
the nose, the resulting sounds are nasal conso- 
nants. The three nasal consonants in “meaning” 
are formed with the constriction successively at the 
lips, the hard palate, and the soft palate. 

Plosives. These are characterized by the com- 
plete interception of air flow at one or more places 
along the vocal tract. The pressure which is built 
up behind the intercepting mechanism may not be 
immediately released or may be released through 
the oral or nasal orifice. The places of constriction 
and the manner of the release aie the primary de- 
terminants of the phonetic properties of the plo- 
sives, The words par, bar, tar, car begin with 
plosives. 

When the interception is brief and the constric- 
tion is not necessarily complete, the sound is classi- 
fied as a flap. By tensing the articulatory mecha- 
nism in proper relation to the air flow, it is possible 
to set the mechanism into vibrations which quasi- 
periodically intercept the air flow. These sounds 
are called trills and can be executed with the 
velum, the tongue, and the lips. They usually are 
produced around 25 cps, whereas the fundamental 
frequency of the male speaking voice ranges from 
80 to 160 cps. 

Fricatives. These are produced by partial con- 
striction along the vocal tract which results in 



turbulence. Their properties are determined by the 
place or places of constriction and the shape of 
the modifying cavities. The fricatives in English 
may be illustrated by the initial and final conso- 
nants in the words vase, this, faith, hash. 

Acoustical analysis. The muscular activities of 
speech production influence each other both simul- 
taneously and with respect to time. It is frequently 
difficult to segment a sequence of sounds because 
the physiological activities which produce them 
form a continuum. Consequently the physical 
aspects of a sound type are determined to some ex- 
tent by neighboring sounds. Each physiological 
parameter, for example lip-rounding and funda- 
mental frequency of the glottal tone, may be varied 
continuously. Therefore, within its physiological 
limits, the speech mechanism is able to produce a 
continuum of different sounds. The physiologi- 
cal and acoustical criteria in a classification of 
these sounds are therefore dependent on external 
conditions such as the threshold of the analyzing 
instruments. 

There is a complex, many-to-one relation be- 
tween the physiology of production and the result- 
ant acoustical waves. Acoustically, speech sounds 
may be regarded as the simultaneous and sequential 
combinations of pulse, periodic, and aperiodic 
forms of energy interrupted by silence of varying 


duration. These energy patterns are labeled as 
A, B, C, and D respectively in the sound spectro- 
gram of Fig. .3a. The horizontal bands in the peri- 
odic portions indicate the frequency positions of 
the vocal tract resonances. On the average, there 
is one resonance per kilocycle for vowels produced 
by a male vocal tract, though these resonances are 
differently spaced for various vowels. The pitch of 
the utterance is illustrated in the sound spectro- 
grams of Fig. 36. Each horizontal line indicates 
a harmonic of the glottal tone. The spectrum of 
the glottal tone is usually taken to have a slope 
of —6 to —12 decibels/octave when the effects of 
the vocal tract resonances are discounted. The 
sound spectrograph has been a valuable instrument 
for research on the acoustical aspect of speech. 
Essentially, it makes a Fourier type of analysis on 
the acoustical wave. The results are then trans- 
lated into graphic form, usually with frequency 
along the ordinate and time along the abscissa. 

Neurology. The ability to produce meaningful 
speech is dependent in part upon the association 
areas of the brain. It is through them that the 
stimuli which enter the brain are interrelated. 
These areas are c;onnected to motor areas of the 
brain which send fibers to the motor nuclei of the 
cranial nerves and hence to the musclesa Three 
neural pathways are directly concerned with specjch 


0 C DAB DAC DACBAB AC B D 



S pi tj prodAkJ n 



Fig. 3. Sound tpoctrogrami of the utterance, '‘speech C, aperiodic; and D, silence, (b) The dotted lines repre- 
production, (o) Energy pottemsi A, pirise; B, periodic; sent the pitch pottern of the utterance. 
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face 


pharynx 



Fig. 4. Cerebral cortex showing the areas related to 
the speech movements and supposed association areas. 

production, the pyramidal tract, extrapyramidal, 
and cerebellar motor paths. It is the combined 
control of these pathways upon nerves arising in the 
medulla and ending in the muscles of the tongue, 
lips, and larynx which permits the production of 
speech. See Nkrvous system. 

The part of the pyramidal tract which is mo.st 
important f(»r speech has its origin in the lower 
porti(»n of the tireceniral gyrus of the cerebral 
cortex. Ill close proximity to the precentral gyrus 
on the left side of the brain is Broca's area. This 
area is one of several which are believed to activate 
the fibers of the precentral gyrus concerned with 
movements necessary for speech production (Fig. 
4). Areas of the extrapyramidal tract which con- 
tribute to speech are the caudate nucleus, globus 
pallidus, and the thalamus. Some of the fibers from 
these centers also go to the same motor nerve.s as 
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those of the pyramidal tract. The chief function of 
these paths in regard to speech is their regulatory 
and refining actions. It is through the influence of 
the extrapyramidal system that the regulation and 
inhibition of opposing sets of muscles are con- 
trolled. The cerebellar motor paths also contribute 
to the coordination and tonus of muscle structures 
requiring movements of paired muscles. In addi- 
tion, the cerebellar motor paths are important in co- 
ordinating breathing for speech production. 

Six of the 12 cranial nerves send motor fibers to 
the muscles involved in the production of speech. 
These nerves are the trigeminal, facial, glossopha- 
ryngeal, vagus, spinal accessory, and the hypoglos- 
sal. They represent the link between the neural 
activity which begins in the cerebral cortex and the 
coordinated muscular movements which produce 
speech. 

The relations between the neurology, physiology, 
and acoustics of speech are extremely complex and 
poorly understood. Within normal anatomical varia- 
tion, the skill in producing particular speech 
sounds is almost entirely determined by the early 
linguistic environment of the speaker. Through 
the interactions between the linguistic environment 
and the speech of the individual, both the sounds 
and their symbolic values change from community 
to community and through time. Sfie Phonetics; 
PsY(:i!OACor.isTn:s. 

DEVELOPMENT 

In the early stages of speech development the 
child's vocalizations are quite random. The control 
and voluntary production of speech arc dependent 
upon physical maturation and learning. The rela- 
tion between age and development of speech be- 
havior is shown in Fig. 5. 


behavior 


first noted vocalizations 
first responds to human voice 
first cooing 
vocalizes pleasure 
vocal play 

vocalizes eagerness and displeasure 

imitates sounds ^ ^ 

vocalizes recognition 

listens to familiar words 

first word 

expressive sounds and conversational jargon 
follows simple commands 
imitates syllables and words 
second word 

responds to "no" and "don't" 

first says more than 2 words 
names object or picture 
comprehends simple questions 
combines words in speech 
first uses pronouns 

first phrases and sentences 
understands prepositions 


age in months 

0 6 12 18 24 30 



Fig. 5. Composite table showing age in months of G. A. Miller, Longuage ond Communieoflon* McGrow- 

which selected Hems are reported In eight malor studies Hill, 1951) 

of infant development. (After McCarthy, 1946, from 
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Developmental stages. It is possible to describe 
the development of speech in five stages. In the 
first stage the child makes cries in response to 
stimuli. These responses are not voluntary but are 
part of the total bodily expression. The .se<*ond 
stage begins between the sixth and seventh week. 
The child is now aware f»f the sounds he is making, 
and appears to enjoy this a(‘tivity. During the third 
stage the child begins to repeat sounds that he 
hears himself make. This is the first time that the 
child begins to link speei’h production to hearing. 
Sometime during the ninth or tenth month the child 
enters the fourth stage when he begins to imitate 
without compreliensiun the sounds that others 
make. 'Fhe last stage begins between the twelfth 
and eighteenth month. It is at this lime that the 
child intentionally employs conventional sound pat- 
terns in a meaningful wav. The exact lime at which 
each stage may occur varies greatly {r<»m child to 
child. 

Although most rhildien begin to use speech 
meaningfullv bv the eighteenth month, they ate not 
able to arti(‘ijlate all the necessary sounds. The 
first sounds the child u*^es are mostly front vowels. 
The hack vowels become more Ireqiient as the 
(hild deveJujis. The ability to produce vowels cor- 
rectly seems to be almost cornpletelv learned hv 
30 months. The earliest consonants the c hild uses 
aie those formed with both lips. By months, the 
child can produce all the neiessarv I’onsonanls. The 
approximate age level at whi<-h eaih of 23 ton- 
sonant sounds of English is mastered bv American 
children is shown below. 

/f vvrage 
ngc, 

months Sounds 

b ( baby ) , p ( papa ) , in f m ama ) , w ( m el) , 
li( Ae) 

4^l» d(f/ac/d), t(lwo), n(/iose). g(go). 

k(cat), ng(sing), > (vet) 
f</un) 

v(z’erv), th(Mat). zfazuie), sh(A/ioe), 
I (/ie) 

74 s(see), /(zoo), r(rain), th(£Ain), 

whlwAo) 

DISORDERS 

Speech disorders may he classified accoiding to 
their causes or symptoms. The major causes are 
organic, imitative environmental, and psychogenic. 
Organic disetrders may result from disease, impair- 
ment, or absence of the organs of speech. Imitative 
disorders occur when the child imitates deferlive 
speech. A speech disorder has a psych«>genic origin 
when there is a psychological basis for its presence. 
A classification includes disorders of ai tlculation. 
rhythm, voice and symbolization. 

Articulation. Disorders of articulation may be so 
severe that the resultant speech is unintelligible. 
Specific «-ounds or groups of sounds niav be omitted, 
added, substituted, or distorted. The following are 
some examples of this type of disorder. 1. ailing. 


misarticulated r. 1. 1, and d sounds, may be caused 
by poor control of the tongue tip. Lisping, mis- 
articulated sibilant sounds, partiimlarly s and /. are 
often substituted by the th sound. Delayed speei’h, 
the absence of many consonants, and poor intel- 
ligibility. is often caused by slow physical or psy- 
chological maturation. Dysarthria, generalized 
sound substitutions and distortions, is caused by 
lesions in the peripheial or central nervous system. 

Rhythm. Disorders of rhythm are characterized 
bv disruptions of the normal rate of 'speech. Two 
common disorders ot ihvthm are stuttering or 
stammering and cluttering. Stuttering iisuallv be- 
gins between 3 and 1 years ot age. and occuis most 
frequently in males. Many theories hove been ad- 
vanced to explain the cause of the disorder hut 
none have been completely accepted. Primal \ slut- 
tering is the lepetition of words, phrases, syllables, 
or the initial sounds of words, without apparent 
awareness hv the speaker. In secondary stutter- 
ing the repietitions iiecome prolonged fixations of 
the speech musculature, accompanied by phvsi 
<al and psv(‘hologica1 tension, and often contor- 
tions of the face and hodv. In cluttering, wouls aic 
shined and svllahlcs are omitted because of im- 
proper phtasing and excessive ^fx^ed id uttciancc. 

The following examj)!^^ involve lesion ot thi* 
nervous system. The cerebral palsied often show 
disorders of rhythm. One type is spastic speech. 
This is an inability to make smooth tiansitions from 
sound to soifhd and insuffiidcnl breath coni i of to 
produce polvsvllahic words or phrases. Another is 
athetotic* speech, which involves a general jeikiness 
in speech production which interferes with the 
normal rale of speech. Similar rlivthni disoidcrs 
acvoiiipanv Paikinsoii’s disease, multiple sclerosis, 
and cerebellar tumors. See NvRVors sysif.m dis- 
ORIU.Rs. 

Voice. Voire dis^orders are usually described as 
defects of pitch, loudness, and voice quality. Im- 
proper use of the voice mav cause an injury to the 
vocal folds and intensify an existing voice disorder. 
Some examples of these disorders are presented 
below. 

Disorders of pitch arc characterized as too high, 
too low, monotonous, and repeated pitch patterns. 
A high-pitched voice is most often caused hv fisv- 
chological tension. The mnscles of the larynx are 
contracted so that the pitch is raised beyond it- 
normal range. It may he caused al«o hv a small 
larynx where the voral folds are short and thin oi 
bv the inability to perceive changes in pitch. Mo- 
notonous voices and repeated pitch patterns are 
usually also the result of a failure to perceive the 
pitch variations. 

Voic'e quality disorders are usiiallv described as 
hoarseness, nasality, denasality, and similar condi- 
tions. Hoarseness may he caused by pharyngeal or 
laryngeal pathologies. Cleft palate speech is a 
striking example of nasality. It is the result of a 
failure of the bilateral structures of the palate to 
unite during fetal life. Nasal speech may also fol- 
low a paralysis of the palatal muscles (IFig* 6) 




Fig. 6. (a) Schematic diagram showing normal naso> 

pharyngeal closure, ib) Schematic diagram showing 
failure to achieve normal nasopharyngeal closure be' 
cause of a palatal cleft, paralysis, or injury. (Based on 
x-rays from the collection of H, H. Bloomer) ^ 

The nasal speech results because the palate is un- 
able to aid in achieving nasopharyngeal closure. 
Sec Palate. 

Aphonia, the absence of voice, does not fall into 
the above categories. It may result from paralysis, 
inflammation of the vocal folds, or surgical 're- 
moval of the larynx. Hysterical aphonia is the re- 
sult of a marked emotional disturbance. See Pho- 
bic REACTION. 

Symbolization. Symbolization disorders involve 
an impairment of language formulation and ex- 
pression. They may occur without a concomitant 
impairment of speech production. Common types 
of these disorders are aphasia and delayed speech. 

Aphasia is the inability to use or comprehend the 
*)ymboIic value of language as a result of a brain 
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lesion. The specific types of aphasia usually fall 
into one of four groups: expre.s.sive, receptive, 
amnesic, or a combination of these three. Expres- 
sive aphasia is the inability to express ideas in 
speech or writing when there is no significant 
muscular impairment. Receptive aphasia is the 
inability to comprehend spoken or written symbols 
when there is no significant impairment of the 
sensory organs. Amnesic aphasia is the inability 
to evoke the appropriate names for objects, condi- 
tions, or relations. In adults the disorder is usually 
preceded by a cerebral vascular accident, brain 
tumor, or injury to the brain. In children these dis- 
orders are usually the result of a failure of the 
development of the brain or of brain damage in- 
curred before, during, or after birth. Many neurol- 
ogists have postulated centers in the brain which 
are said to be related to various types of aphasic 
disorders. Aphasic arrest of speech has been dem- 
onstrated by electrical stimulation applied to cer- 
tain areas of the brain (Fig. 7 ) . 


agraphia 

(inability to write) 



Fig. 7 Areas of the cerebral cortex which when dam- 
aged supposedly result in aphasia. The areas within the 
dotted lines are areas which when stimulated elec- 
tiically result in aphasic arrest. 

Delayed speech may also be considered as a 
symbolization disorder. The symptoms range from 
complete absence of vocalization to vocalizations 
which have no communicative \alue. Speech is con- 
sidered delayed when it fails to develop by the 
second veer, and i.s judged to be retarded if there 
are significant deviations from the norm for the 
age and mental abilities of the child. The causes 
of delayed speech are quite varied. Some of the 
most common causes are deafness, impaired hear- 
ing. severe illness during childhood, or emotional 
disturbances. 

The patterns of speech development and dis- 
orders show gieat variability among individuals. 
Research in these areas requires the integrated 
knowledge of experts in the many fields dealing 
with language and speech. [r.s.t.; w.s.y.w.J 

Bibliography X G. Fant, Acoustic Theory of 
Speech Production^ 1959; G. W. Gray and C. M. 
Wise, The Bases of Speech, 3d ed., 1959; L. Kaiser 
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(ed.). Manual of Phonetics, 1957; L. E. Travis 
(ed. ) , Handbook of Speech Pathology, 1957. 

Speed 

The time rate of change of position of a body with- 
out regard to direction. It is the numerical magni- 
tude only of a velocity and hence is a scalar quan- 
tity. Linear speed is commonly measured in such 
units as meters per second, miles per hour, or feet 
per second. It is the most frequently mentioned 
attribute of motion. 

Average linear speed is the ratio of the length of 
the path s traversed hy a body to the elapsed time 
/ during which the body moved through that path : 


Speed (average) « ^ == - 

where and tu are the initial pcisition and time, 
respectively, and s/ and f/ are the final position 
and time. 

Instantaneous speed is the limiting value of the 
foregoing ratio as the length of path is made in- 
finitesimally small and ' as the elaspt'd time ap- 
|)roaches zero. 


Speed (inslantanc(»us) 


liiri 



(h 

fh 


See Vklocity. [r.d.ru.I 

Speed regulation 

The change in speed of direct-i’iirrent motors from 
no load to full load, expressed as a penreiitage of 
full-load speed with the motor at rated tempera- 
ture. 


% spt^ed _ no-load speed — full-load sfR-ed ^ 
regulation full-loud speed 

I A.F.e. 1 

Speedometer 

An instrument that indicates the spe?ed of travel of 
a vehicle. Speedometers were originally driven 
from a gear attached to the front wheel meshing 
with u pinion to which was attached a flexible cable 
to the speedometer head. Almost all speedometers 
now are driven from a helical gear at the rear of 
the transmission, which meshes with a helical pin- 
ion at right angles to it (Fig. 1). This pinion 
drives a flexible multistranded cable approximately 
0.150 in. in diameter, running in a lightly lubricated 
casing to the speedometer head, 1000 rpm corre- 
sponding to 60 mph. 

The speedometer head carries a face on which is 
a dial registering speed measured in miles per hour 
in the lJnitf;d States and it.s possessions, the United 
Kingdom, India, and Japan; and in kilometers per 
hour in the rest of the world. The face also carries 
an odometer, which reads the total miles the car 
has been driven, and some units carry a second trip- 



Fig. 1. Speedometer driving-gear assembly in trans- 
mission with nylon pinion. (Buick) 

measuring odometer, which can lie returned manu- 
ally to zero. 

Speedometers generally have carried circular 
dials with pointers to indicate sjiced. A new type 
carrying the figures on a horizontal scale (Fig. 2) 
has become popular in recent years. A blinder 
carrying a helical indicaling line, identific’d by one 
color on one side of it and another color on the 
other side, and which is visible in a slot as a pointer 
above or bdlow the figures, serve? to indicate speed 
on the horizontal scale located above or below the 
slot. 



Fig. 2. Mechanism for speedometer drum to indicate 
speed. {Buick) 


The speedometer pointer, or cylinder, is operated 
by a magnet driven by the cable. In Fig. 3, the 
magnet is located inside a metal cup which is at- 
tached to a shaft carrying the pointer. A spring on 
the shaft tends to hold the pointer at zero rnph. 
However, as the magnet rotates, it exerts a mag- 
netic drag on the metal cup, tending to turn it and 
the pointer. The faster the magnet rotates, the 
greater is the movement of the pointer so that it 
indicates the higher speed. See T achometer. 

The odometer mechanism is simply a gear train 
of proper reduction to show miles and tenths of 
miles on the final gears, carrying small drums on 
the face of which arc numbers 0-9. In 1957 « 



Fig. 3. Mechanism of circular-dial speedometer (AC 
Spark Plug Div.) 

\j<r iiJtiodiK ed In niiii k rmphned d warning 
l)u//ri wliidi npiTalcd when d predf*lri mined ‘^peed 
was attained. The adinn nf the bii//er <011- 
l relied In the dii\er In the rotation of a knoli to 
an\ de'^iied speed shown on an opening in the 
speedometer lace (rovenior de\i«es have been used 
on liiifks for veais. ( 1 .ii.M ] 

Speiaeogriphacea 

V |iera<afidan order of the highej (austa<ea. Mala- 
eostraia ereeied in Pi'S? The on I > known species. 
Spelaeoffriphu^ itpidops (see illustration), inhab- 
its a jiool in a eave on Table Moiin* In, South \f- 
rj'*a. It is a small, blind, transparent, shiirnplike 
animal, 6 9 inrn in length. The short shell or cara- 
paee eoalesies dorsall) with the first thorac i< so- 
mite. Behind the earapace the bod> is fuliv seg- 
mented and the abdomen, (*ompiising si\ somites 
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and the telson. cxeeedsi half the total length. The 
lash or flagellum of the second antenna is almot^t as 
long as the body, and the antennal scale is minute. 
Most unusual, however, is the presence of three 
pairs of oval, vesicular gills attached to thoracic 
limbs 5-7. 

A small ocular stale arises from each side of the 
ttiangular rostrum. The first pair of thoracic limbs 
is modified as mouthparts, the maxillipeds. which 
are isopodan in form. At the base of each maxil- 
liped is a large ciip-ahaped respiratory organ, 
recalling the spoon-shaped organ of Apseudes (Ta- 
naidacea). The other seven pairs are slendei walk- 
ing legs. The exopodites of the fiist three pairs aie 
lashlike wheieas those of the next three pairs are 
the gills dlredd> mentioned. The first four pairs of 
abdominal appendages are luramoiis swimming pad- 
dles; the filth pail is vestigial; the sixth pair 
forms, with the leKon. a < oiispicuoiis tail fan. 

The lew laige eggs are incubated in a brood 
pouch composed ol five pdiis of overlapping plates, 
the oostc*gites. 

The affinities of Speiaeogriphacea are probably 
with the Tanaiddcea and the Isopoda. .See Pi ra 
( ARIOA. I l.GO.l 

iitldiofiraphy : I. Gorcion. On Sptdaeo^riphus^ a 
new c dveinic o|c»us cru-tacean fiom South Afiica, 
liuN. Hut. Mu.seiirn Natl, Zooloffy^ S(2) :.H1~ 

47, 1957. 

Sperm cell 

The male gametes, or spermatozoa, c ajiuble of unit- 
ing with an egg in the proce^^s of fertilization (see 
Hi pRODiTc !io\, 111 most animals, they are 

elongate* cells with a thin, c^ylindrital. motile tail 
attacdi(*d to a somewhat thicker head. In verte- 
b»’ates, the tail is generally SO- ISO p long bv 0.5 /j 
wide .while the head is about 2 < t /c, but there aie 
maiked divergences fiom this, as in the 2 mm-long 



(5) I.G. and B.M.N.H. 

Speheogriphus lepidops Gordon, ovigerous female in dorsolateral aspect. (British Museum of Natural History) 
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Diagram of human spermatozoon based on electron 
micrographs 


sperm of the anuran Ihsroglossus, The head con- 
hisls of an dcrosonie and a nucleus, in some animals 
it also includes the mitochondrial midpiece, but in 
others, for instance mammals, the latter comprises 
the proximal portion, about onc-tenth of the length 
of the tail (see SemiviATOGKNLsis). 

The nucleus is mainly in the form of the con- 
densed chromosomes, of which at least 50 
the chemical substance desoxyribonucleic acid 
(I)NA) and the rest mainly protein. The acrosome 
is anterior to the nucleus and varies in appearance 
in different species. It is cap-shaped in humans, 
sickle-shaped in rodents, and sharply conical in 
chickens. In mammalian sperm, the acrosome most 
probably is the source of the enzyme hyaluronidase, 
which is effective in dissolving the gelatinous ma- 
terial, hyaluronic acid, between the cumulus cells 
that surround the freshly ovulated egg. The mid- 
piece is composed largely of mitochondria. These 
1 ytoplasmic bodies are now known to carry many of 
the important oxidative enzymes of cells. Very 
likely, then, they represent the initial site of en- 


ergy-supplying reactions for motility of the tail. 
The tail has a central core, or axial filament, which 
is typically made up of 2 central fibrils surrounded 
^by 8 double and 1 triple peripheral fibrils. This 
2 + 9 fibrilla structure has been found, by electron 
microscopy, not only to be typical of sperm tail 
filaments but of (ilia and flagella of other kinds of 
cells of all animals and plants so far examined. 

Among the nematodes, myriapods, cladocerans, 
and decapod crustaceans there occur nonflagellate, 
slow-moving, or immotile, sperm. Their basic plan 
of construction is, however, similar to that of the 
flagellate type. ["a-TY.] 

Spermatogenesis 

Sperm formation comprises the process by which 
certain cells, spermatogonia, of the testis undergo 
meiosis and transform into spermatozoa (see (»am- 
F rocFNi-sis). The postmeiotic transformation »jf 
spermatids into spermatozoa is termed speimio 
genesis. 

In their early stages, cells undei going spermato- 
genesis resemble those in oogenesis, and at the time 
of svnapsis of the chromosomes, piiinaiy spermato- 
cytes and primary oocytes are both about 2 4 times 
the size of the terminal gonia. The oorvtes continue 
to enlarge until hnal egg si/e is attdiiied, bftt the 
spermatoc ytes preweed with meiosis wherein, b> 
two cell divisicms ac^companied b> a single splitting 
of the chromosomes, the chromosome number is re 
duced from i double, or diploid, set to a single, or 
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Diagram of Spermioganetis, with reference to condf 
tions in a mammalian sperm. 



haploid, set. Each of the four spermatids resulting 
from these divisions transforms into a functional 
spermatozoon, in contrast to the formation of a sin- 
gle egg cell and three nonfunctional polar body 
cells from the corresponding two meiotic divisions 
of the primary oocyte. Experiments with mice show 
that about 30 days is required for the transition of 
terminal spermatogonium to ripe sperm, about half 
this time being taken to reach the spermatid stage. 

Spermiogenesis. Spermiogenesis comprises cer- 
tain nuclear and cytoplasmic transformations that 
are essentially alike in practically all animals. The 
vesicular nucleus of the spermatid becomes pro- 
gressively smaller, as its chromosomes condense, 
until in the matin e sperm its volume is about equal 
to that of a tightly packed haploid set of metaphase 
chromosomes {see Mirosis). As this occurs, the 
spermatid also loses almost all of its cytoplasm. At 
the same time certain c\toplasmi<* organelles, 
namelv, the Golgi bodies, the mitochondria, and the 
cent Hole, participate in the formation of the acio- 
some, midpieie and tail filament, respectively, of 
the spermatozoon. See Cfii (rtolouc al). In this 
prcM ess the (folgi bodies nio\e from the region of 
the (enttioie to the opposite side of the luicleiis, 
when* the\ form one oi moie \esiiular stiuctuies, 

» ailed the ai roblast, in assoi iation with which the 
aciosiune tor the tip of the sperm is formed. The 
remnants oi the (»olgi bodies then mo\e hack and 
are discarded along with the surplus cytoplasm 
The mitodiondiia assemble in filamentous form 
near the lentnole. In most vertebrates thev then 
wind themselves in one or more spiral filaments 
about the proximal portion of the axial filament of 
the tail. This midpiece is of different length in dif- 
ferent spec ies, being rougliK one-tenth that of the 
entire tail in mammals. From the iimtriole, or rn 
immediate product thereof, a filament grows out, at 
first penetrating the membrane c»f the cell for a 
short distance, then extending itself along with the 
cell membrane so that the latter forms a sheath 
about it. It is during this proc^ess of elongation that 
the bulk of the cytoplasm of the spermatid is 
t)inch(*d off. 

Abnormal spermatogenesis. Abnormal sperma 
togenesis occurs sporadically in many groups of 
animals. In snails of the genus Viviparits^ in which 
it is rather frequent, its stud\ has led to an inter- 
esting discover) concerning the relation of the 
centriole to the structure known as the centromere, 
the spindle-fiber attachment body, of the chromo- 
some. During the abnormal spermatogenesis many 
of the chromosomes mav bec*ome detached from 
their ceniromeies and degenerate. The separated 
centromeres, however, assemble next to the centriole 
in the spermatid. Each now behaves as a centriole 
and produces an axial filament for the sperm tail. It 
appears, then, that centriole and centromere are 
bodies of similar nature. Both are self-reproducing 
and both can give rise to filaments in spermio- 
genesis. Very likely, too, the centromere, as part of 
the chromosome, normally functions in cell division 
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to form filaments that extend to the opposite poles 
of the mitotic spindle and pull the split chromo- 
somes apart. At the same time the centriole forms 
other filaments for the spindle itself. See Meiosis; 
Sex detfrmination. [a.ty.] 

Sperrylite 

A mineral with compcisition PtAs*. (platinum di- 
arsenide), cT\stallizing in the isometric system. 
Crystals are usually cubes or cubo-octahedrons; 
there is an indistinct cubic cleavage. Its hardness 
is 6-7, and its specific gravity 10.59. The luster is 
metallic, and the color tin-white. Sperrylite is a rare 
mineral, found originally in the Sudhiir> district of 
Ontario. Canada, where, associated with the copper- 
nickel ores, it is mined as an oie of platinum. It has 
also been found in the Uushveld Igneous Complex, 
Transvaal, South Afin*a, and in giavels of the 
Timpton Rivet, eastern Siberia See Plaiimtm. 

[C.S.HU.] 


Sphaeractinoidea 

Limestones formed in the warm-watei Mediterra- 
nean (Tethvdn) seas of Mesozoic times contain 
abundant nodular, oi lamellose, or ramose (‘alcare- 
ous fossils, often encrusting, or intergrown with 
each other, and from a few millimeters to a meter 
or so across. On their surface and when sectioned 
thev are seen to consist of fine rods (trabeculae, 
pillars) and plates (lamellae, tabulae, laminae), 
both geneialK 0.01 0.1 mm thick, linked to form 
a fine evenly-meshed network (reticulum) whic’h in 
vertical section is transversely lamellate, or verti- 
cally tubular, or approximately rectangular. Within 
this reticulum there mav be slightly wider vertical 
tubes (autotubes, astrotiibes ) , often associated as 
astrosvstems with radially arranged and branching 
surface giooves or lateral (*anals or ewridors 
(astroihizae, astrocorridors). Such fossils are, bv 



Vertical section of PromUiepora showing tubular retic- 
ulum and on outotube. Upper Jurassic of Oman, Ara- 
bia. 
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analogy with recent forms, the basal exoskeletons 
(coenostea) of colonial polypoid hydrozoans. They 
ranged from the Permian to the Cretaceous, and 
were most abundant in relatively quiet offshore 
shallow waters during the Late Jurassic. 

The Sphaeractinoidea are similar both to the 
Palaeozoic Stromatoporoidea, from which they dif- 
fer in that their skeletal tissue (scierenchyme) is 
fibrous, and to the Hydroida and Hydrocorallina, 
mainly Tertiary and Recent, with which they can- 
not be grouped since they lack evidence of the spe- 
cialized polyps characteristic of these orders. 
Though formerly allocated to the Stromatoporoidea, 
they are now usually grouped in the Sphaeracti- 
noidea (0. Kiihn, 1927), an order probably poly- 
phyletic, variously developed from the Stromatop- 
oroidea, and possibK giving rise to various forms 
in the Hydroida and Hydrocorallina. 


Of the major groups within the Sphaeractinoi- 
dea some are distinguished by the orientation of the 
sclerenchymal fibers which may be at an upward 
acute angle to the axis or plane from which they 
orginate (clinogonal, Milleporellacea) or simi- 
larly at right angles (orthogonal) and either bi- 
laterally (Actinostromariacea) or unilaterally 
(Burgundiidae) developed. Another group, the 
Spongiomorphidae, are doubtfully characterized by 
astrosystems with pseudosepta. See Hydroida ; Hy- 
DRozoA ; Stromatoporoidea. rR.c.s.H.l 

Bibliography. 0. Kiihn, Hydrozoa, Handbuch der 
Palaozoologie, pt. 5, vol. 2A, 1939. 

Sphaerioidaceae 

A family of fungi of the order Sphaeropsidales con- 
taining many plant pathogens. This family is also 
called Sphaeropsidaceae or Phomaceae. There are 


Important genera of the Sphaerioidaceae 


S|M>re group 

( aei lUS 

(leiiiis dchcription 

Disease 

Caused iiy 

11>alos(iorae, 

Phoma 

Plant pathogens, pycnidia on plant 

Dry rot of 

P. lirigam 

1 -celled bright 

200 spp. 

stems only 

turnip; can- 


hyaline spores 



kor of chIv 
boj?!' 





Blackleg of 

P. Mae 




beet seed- 
lings 

(Fig. laf 




Scab disease 

P. apnrola 




of eelery 

(Fig U) 




Dry rot of 

P. rostnipn 




carrot 

(Fig. Ir) 


Phylloaticta 

Plant pathogens; pycnidia on leaves 

Apple blotch 

P. aoliiaria 


500 spp. 

only 

Leaf spot of 

P. Mae 


beet 

(Fig. Id) 


Macrophomma 

Root {Mirasite, pycnidia on plant 
stems, conidia lougei than 15 g 




Pyrenochaetr 

Plant pathogens, pycnidia with stiff 

Pink rcK)t rot 

P. ierreairia 



biistlcs 

of onion 

(Fig. If) 


Phomopsis’^ 

Plant pathogen; pycnidial wall thick; 

Canker of 

P. paeudolsugae 


100 spp. 

2 types of s|K>res 

Doiiglas-fir 

(Fig. 1/) 


Cylospora^ 

Pathogen; pycnidia in a stroma, irreg- 

Canker on 

C. leueoaloma 


ioO spp. 

ular, iuconipleUdy separate cavities; 

twigs of 

(Fig. Ig) 



conidia elongate curved 

Prunua 


Phaesjiorae, 

CorwAhyriam 

Pathogen; conidia small, varying from 

Canker of 

C. wernsdoiffiae 

l-<.e||ed dark spores 100 spp. 

flask-shaiied to elliptical 

rose 

(Fig. Ih) 


Sphaeropsis 

Pathogen; conidia large, typically 

Black rot and 

S. malorum' 


30 spp. 

1-celled (soraetimes 2-Gelled) 

canker of 
apple 

(Fig. li) 

IJynlodklyinae, 

Aarochyta 

Pathogen; pycnidial wall thin 

Leaf and pod 

A. piai 

2-celled hyaline 

400 spp. 


spot of pea 


spores 


Black stem of 

A. imperfecta 




alfalfa 


Phaeodidymae, 

Diplodia 

Pathogen; conidia 15 g or more long 

Dry rot of 

D. leae 

2-ceHed dark spores 


corn 


Phueophragrniae, 

Henderaonia 

Saprophyte 



2-celied spores 
with ci-obs septa 





n yaloscoleioi>tx>rae, 

Septoria/^ 

Pathogen; pycnidial wall thin 

T^eaf spot of 

S. apii 

long, hyaline 

1000 spp. 

celery 

(Fig. ij, *.1) 

threadlike spores 



Leaf blight of 

S. fycopeniei 




tomato 



® Several species arc stages of Diapmihe (Ascomycete) spores. ^ Several species arc stages of VaUo 
' Coiiidial stage of PhyeaXospora oblusa. * Some species are stages of Myeotphnerella or Lepioaphaeria 
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, necrotic spot with 
concentrically arranged 
pycnidia 


nN r. ! 


/'""'I 

host tissue 




^ stiff bristles 
/ (setae) 


curved 
beta -spores 

alpha- 

spores 

‘ 1^01 






0 60 120 


cortex of 
host host 

tissue 




Fig. 1 . (o) Four pycnidia of Phoma befae (after A, B. 

Frank, 1892). (b) Pycnidium and conidia of Phoma 
opi/co/a (after H. Klebahn, 1910). (c) Stem of carrot 
with pycnidia of Phoma rostrupii, (d) Beet leaf showing 
spots due to Phyllosticta befae. (e) Pycnidium of Py- 
renochaete illcis. (f) Pycnidium, a- and ^-spores of 
Phomopsis conorum (after G. G. Hahn, 1930). (g) Pyc- 
nidium and conidia of Cytospora leucostoma (after 


R. Alderhold, '1903). (h) Pycnidium and coMdia of 
Coniothyrium hellebori (after Griffon and Maublanc, 
1911). (i) Pycnidium and conidia of Sphaeropsis moio- 
rum (after L R. Hester, 1916). (j) Pycnidium and conidia 
of Septoria apii (after H. Klebahn, 1910). (k) Piece of 
pycnidial wall with conidiophores and conidia of Sep- 
toria apii (after H. Klebahn, 1910). (I) Seed of celery 
with pycnidia of Septoria apii (after H. Klebahn, 1910). 
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Fig. 2. Pycnidium of Phoma with a tendril of conidio. 
(After Quainfance and Shear, 7907) 

300 genera and 5000 species recognized by some 
authorities. 

The pyrnidia, or fruit bodies, containing the 
a.sexual spores (conidia) arc either black or dark 
colored. They are flask-, cone-, or lens-shaped 
stiuciures with thin walls and a round, relatively 
small pore. The conidia are discharged from the 
pycnidia in tendrils or cirrhi. 

The genera are usually arranged into spore 
groups, depending on the number of cells, shape of 
spore cluster, and whether the spores are bright or 
dark (see Fungi Imperfecti). The important gen- 
et a in the spore groups of the Sphaerioidaceae are 
listed in the table. See Ascomyceils; Plsnf dis- 
ease; Sphaeropsidales. [n.f.d.] 

Sphaeropsidales 

An order of fungi, also known as Phomales or 
Phyllostictales, of the class Fungi Imperfecti. 
Some members of this group are saprophytes and 
others are parasites causing diseases of plants. 
There are 520 genera with 5000-6000 species 
known. 

The asexual spores (pycnospores or conidia) arc 
formed in globose or flasklike fruit bodies called 
pycnidia. The pycnidia, found with or without open- 
ings (ostioles), may be separate or joined by 
vegetative hyphae (stromatic tissue). Conidio- 
phores (hyphae bearing the conidia) are short or 
absent. The conidia are always slime spores, that is. 
they become separated with the slime from the cells 
producing them. They are rarely staurospores 
(star-shaped) or kelicospores (corkscrew-shaped) 
and never catenulate (spores in chains ) . 

This order is divided into 4 families: Sphaerioi- 
daceae, Zythiaceae, Leptostromataoeae, and Discel- 
laceae (Excipulaceae). Sphaeropsidales are some- 
times united with Melanconiales into one group, 
G)elomycetes. See Discfllaceae; Fungi Im- 


perfecti; Leptostromataceae; Melanconiales; 
Plant disease; Sphaerioidaceae; Zythiaceae. 

[n.f.b.] 

Sphagnales 

The single order of mosses in the subclass Sphag- 
nobrya. The order is composed of one family, the 
Sphagnaceae, and the family contains one genus, 
Sphagnum, There are numerous species in the 
genus. 

The plants grow in deep tufts or mats. They are 
large; their length is practically indefinite but 
commonly ranges from 4 to 30 cm. Sphagnum 
plants are erect, usually light grayish-green in 
color but occasionally yellowish or reddish. As 
growth occurs in the younger portions, the older 
portions die. Only the young plants bear rhiroids. 
The stems are usually very slender and are erect 
because of the proximity of other plants. A truss 
section of the stem shows an outer cortical sheath 
of 1 4 layers of hyaline parenchyma cells, an 
intermediate cylinder of present hymatous thkk- 
walled f ells, and a central area of parenchymatous 
cells without a central strand. 

The branches, usually in fascicles of 3 12. are 
arranged spirally on the stem or in wht»rls The 
branc hes are detisclv t rnwdcd and are short nr near 
the apex of the stem; they foim a head, the tapitu- 
lum Some branches on the stem usually spread at 
right angles and others are appressed-pendenl 
The outer cuticular cells of the branches are often 
flask-shaped and known as retort cells. They nar- 
low slightly upward into a more or less outwardly 
curved neck. 

The leaves of divergent branches are spirally 
arranged, ecostate, and composed of a layer of two 
kinds of cells, forming a continuous cellular net 
The large, hyaline, dead, somewhat elliptic or 
rhomboidal cells have walls that are usually perfo- 
rated and spirally thickened ffibrillose). They are 
separated by narrow chlorophyllose cells united 
at the ends. The leaves of the stems are distant 
and are usually different in form from the branch 
leaves. The stem leaves are composed of hyaline 
cells with spiral fibers but have few or no porev 
The antheridia are stalked, globose, and single in 
the axils of the leaves of short lateral branches 
growing near the apex of the stem. The archegonia 
are borne on short, lateral, more or less differenti- 
ated branches in the axils of branches of upper 
fascicles. Typically there are three archegonia at 
the apex of the archegonial branch. The calyptra is 
irregularly lacerate. The seta is either lacking oi 
shoit. 

The sporophyte is borne upon a pseudopodiuin, 
the leafless, terminal, elongated stem portion of 
the gametophyte. The capsule is globose or ellipti- 
cal and chestnut-colored or black. The operculum 
is small, flattish or convex, and separated from the 
urn by an annulus composed of a layer of thin- 
walled cells near the top of the capsule. No 
peristome is present. The sporogenous tissue 
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dome-shaped and develops into tetrahedral spores, 
which are disseminated at maturity by an audible 
explosive discharge from the capsule, along with 
the operculum. According to H. C. Bold, the spores 
may be disseminated to a distance of 10 cm. C. M. 
Smith states that the explosive dehiscence is due 
to the development of air pressure within the 
spore-containing cavity. 

The decurrent branches with overlapping leaves 
act as a “wick” for water, from the base to the 
apex of the plant. The hyaline cells of the leaves 
and cortical cells of the stem serve as efficient 
water containers. Somes species of Sphagnum 
served very satisfactorily as a substitute for ab- 
sorbent cotton in surgical dressings during World 
War I. Because of these hyaline, water-holding 
cells, peat moss is used as a mulch, as humus in 
soil, as packing about living plant parts during 
shipment, and in peat pots for growing seedlings. 
The plants that are of economic importance grow 
in mats and can be cut out of bogs in masses. 
Sphagnum bogs consist of layers of peat varying 
in depth from a few feet to unknown depths. 

The top portion of the mass is of better quality 
than that beneath it. as it will absorb water to 
approximately 25 times its own weight, while the 
mass in the next layer below will hold 16 20 times 
its weight. The efficiency of the upper portion of 
the Sphagnum plants is due to the numerous, close, 
apical branches. See Sphacnobrya, [w.h.w.] 

Bibliography. A. L. Andrews, Sphagnaceae^ in 
H. A. Gleason, H. W. Rickett, and F. J. Seaver 
(eds.). North American Flora, 15:1-31, 1913; 
E. V. Watson, British Mosses and LIvk worts, 1955 


Sphagnobrya 

A subclass of the Musci which contains the single 
order Sphagnales. These plants giow in deep tuits 
or mats, commonly in bogs but also in other more 
or less wet habitats. They are grayish-green in 
color and have numerous branches spirally ar- 
ranged on the threadlike stem (Fig. 1) and densely 
crowded near the apex. Usually some branches are 
divergent while others are appressed-pendent. 

The leaves of the plants are ecostate and com- 
posed of a layer of two kinds of cells, large hyaline 
dead cells (Fig. 2) alternating with narrow chlo- 
rophyllose living cells, together iorming a cellular 
net. The sporophyte (Fig. 3) has either no seta or 
a very short one. The foot is embedded in the 
upper end of the pseudopodium, which is an elon- 
gation of the gametophyte stem and substitutes for 
the seta in elevating the capsule beyond the feafy 
plant. Sporogenous tissue consists of four layers of 
cells, is dome-shaped, and occurs within a globose 
or elliptical capsule. 

The spore-producing tissue, archesporium, arises 
from the innermost layer of the amphithecium, 
which is the peripheral layer of cells surrounding 
the endothecium or inner tissue in the early stage 
of the development of the moss capsule. The 
columella is centrally located beneath the dome of 


Fig. 1 Sphagnum, (a) S. eapillaceum. (b) S. palusfro, 
(From E. L Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 



Fig. 2. Cellular structure of a leaf. (From F. W. 
Emerson, Basic Botany, 2d od., MeGrawAilll, 7954) 
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Fig 3. Sporophyte of Sphagnum (From F. W. Emer- 
son, Basic Botany, 2d ed , McGraw-Hill, 1 954) 


rhJzoids rhizoids 

Fig. 4. Stages in the development of a protonemo. 
(o) Germination of spore; (b) division of terminal cell 
to form an apical cell; (c) formation of multicellular 
rhizoids (after Muller in W. Rhuland, Musct, in A. 
Engler and K, Pranfl, Die naturlichen Pfianzenfamitien, 
Bd. 10, 2 Aufl., 1924). id) Thalloid protonemo with 
young, upright leafy branch forming (from F. W. 
Emerson, Basic Botany, 2d ed., McGraw-Hill, 1954). 

sporugenous tissue and arises from the endothe- 
cium. The capsule opens by a lid, the operculum. 
The spores are explosively discharged from the 
capsule and. under suitable conditions, germinate 
to iorni an algalike filament or a minute thalloid 
structure with rhizoids (Fig. 4d). Each thallus 
eventually produce« a leafy shoot. See Musci; 
SpH ACN Al ES. [ W.H .W. 1 

Sphalerite 

A mineral, ^-ZnS, also called blende. It is the low- 
tempeiature form and more common polymorph of 
ZnS. Pure ft-ZnS on heating inverts to wurtzite. 


a-ZnS, at 1020‘’C. Sphalerite crystallizes in the 
hextetrahedral class of the isometric system with 
a structure similar to that of diamond. Zinc atoms 
occupy the positions of half the carbon atoms of 
diamond, and sulfur atoms occupy the other half. 
Each zinc atom is bonded to four sulfur atoms, and 
each sulfur atom is bonded to four zinc atoms. The 
common crystal forms of sphalerite are the tetra- 
hedron, dodecahedron, and cube, but crystals are 
ftequently complex and twinned. The mineral is 
most commonly in coaise to fine, granular, cleav- 
ahle masses. The luslei is resinous to submetallic; 
the color is white when pine, but is commonly 
vellow, })!own, or lilack. darkening with increased 
percentage of iron. There is perfect dodecahedral 
cleavage; the hardness is 3% (Mohs scale), and 
specific giavity is 4.1 for pure sphalerite but de- 
creases with increasing iron content. 

Pure sphalerite contains 67% zinc and 33 ''r sul- 
fur, but iion is usually piesent, substituting in the 
structure for zint, and may amount to 36 . The 
amount of iron in sphaleiite varies directly with 
temperature at the time of ciystalli/ation (Cad- 
mium and manganese mav be present in small 
amounts 

Sphalerite is a common and wideh distiibuted 
mineral associated with galena, p\rite, marfasite, 
chalcopvrite, calcite, and dolomite. It occur'? both 
in veins and in replacement deposits in limestones. 
As the chief ore mineral of zinc, sphalerite is 
mined on every continent. The llniled States is 
the largest producei, fidlowed by (Canada, Mexho, 
r.^.S.K., Australia, Peru, the Congo, and Poland. 
See WiKi/riF; Zinc. Ic.s.Hir] 

Sphene 

A nesosilicate mineral, composition CaTiSiOr,, also 
known a.s titanite. It is monoclinic and usually oc- 
curs as well- formed cry^stals with characteristic 
wedge shape. There is prismatic cleavage and fre- 
quently a well-developed parting. Hardness is 



Wedge-shaped crystal of mineral sphene, or titanite. 
(From C. S. Hurlbuf, Jr., Dana's Manual of Mineral- 
ogy, 16th ed., Wiley, 1952) 

5-5H on Mohs scale; specific gravity is 3.4-3.5. 
The luster is resinous to adamantine and the color 
brown, green, yellow, gray, or black. Sphene is a 
common accessory mineral in igneous rocks, par- 
ticularly syenites and nepheline syenites; it is al*«o 
present in gneisses, schists, and cr)rBtalline lime- 
stones. Fine crystals are found at Binnental and 
St, Gothard, Switzerland; Arendal, Norway; and 




in Ontario and Quebec, Canada. Sphene, associ- 
ated with nepheline and apatite, occurs in huge 
masses on the Kola Peninsula, U.S.S.R., where it is 
mined as a source of titanium. See Silicatl min- 
erals. [C.S-HU.] 

Sphenisciformes 

The order of penguins, the most completely aquatic 
of living birds, contains the single family Spheni- 
scidae. The 16 living species breed on coasts and 
islands of the Southern Hemisphere. The range of 
the (valapagos penguin (Sphenisrus mendirufus) 
reaches the Equator. Only two penguins, the Adelie 
(Pygosrelis adeliae) and the emperor (Apteno- 
dytes forsteri)^ actually inhabit the Antarctic c*on- 
tinent. The latter is the largest living species, at- 
taining a weight of over 90 lb, but one fossil spcf ies 
ma> have weighed over 200 lb. In spite of the highly 
modified paddlelike wings, erect posture, scdlelike 
feathers, and other peculiarities, penguins un- 
doubtedly represent merely «) highly specialized 
offshoot of d flying aiicehtral type, possibly related 
to the petiels ( Pi occlUrii formes ) . Their segrega- 
tion as a distinct superorder, Impennes, of the Neo- 
gnathae. advocated by some, seems unwari anted. 

llelidviot jiatterns <»f penguins aic complex and 
varied Siii face nesting species tend to he com 
fuiinal in their social icldtionships. while the hole- 
nesters usual I v have more strongly developed 
fainil\ bonds. , See Avis. |k.c.p. ] 

Sphenophyllales 

An extinct group of articulate land plants, com- 
mon dining Kate Pennsylvanian and ^rly Permian 
limes. They are typified bv Sphenophyilum, a 
small, branching plant, probably of nailing habit. 



Reconstruction of Sph^nophyllum cuneifolium, showing 
whorled leaves and two terminal cones. (From G. M. 
Smith, Cryptogamic Botany, vo/. 2, 2d ed„ McGraw- 
Hiil, 1955) 
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The long, jointed stems rarely exceeded 1 cm in 
diameter, and had superposed, longitudinal, sur- 
fi<*ial ribs between nodes. The vascular system con- 
tained a solid xylem core with triangular primary 
wood. The leaves were wedge-shaped, usually 
shorter than 2 cm, and had toothed, notched, or 
rounded distal margins. They were attached at the 
nodes by their narrow ends, in whorls of usually 6 
or 9 leaves each, rarely 18. Long, terminal cones, 
usually called Rowmanites when found detached, 
contained sporangia and spoies. The sporangia 
terminated slender stalks, forming (‘oncentric 
whorls that alternated with whorls of sterile bracts. 
Most species were homosponms (produced spores 
of a single type). See Paiiobotany; Pi ant king- 
oom: Stpi.k. fs.H.M.l 

Sphenopsida 

A siibphvlum of the plant jihyliim Tracheophvta 
containing the horsetails. It is a group of am ient 
origin, being abundant in the Paleozoic Era and 
teaching its highest development in the Carbonif- 
erous period f&cc (»i oi oc.\ ; Pai iomoi di.y ) . How- 
ever, there seems to be little doubt that the one 
living genus. Egiiisetum, is a direct descendant of 
some of the fossil forms. The most conspicuous 
characters of this gtoup are the whorled ariange- 
ment of the slein blanches and appendages and the 
jointed nodes on the hollow, libbed stein% 

The sporophyte (spore-producing generation) i*^ 
the dominant phase of the life tycle and it pro- 
duces the spoiangiophores in compact distinct 
strobili, or cones. Each sporangiophore bears sev- 
eral sporangia (spore sacs) on the under surface 
of a terminal shitidlike structure. The spores pro- 
du< ed are alike (homosporous). 

The gaineiophvte t gamete-producing genera- 
tion) is dioecious (male and female sex organs on 
difleient plants). See EQiJtsLTALLs; Tracheo- 

Ic.A.V.] 

Sphere 

Roth in euclidean solid geometry and in common 
usage the word sphere denotes a solid of i evolution 
obtained by revolving a semicircle of radius t about 
its diameter. Its total volume is T = (VSlTrr’*. 

How'cver, in analytic geometry, and more gener- 
ally in modern mathematics, the word sphere de- 
notes a spherical surface that bounds a solid sphere. 
In this sense a sfihere is the locus of all points P 
in 3-dimensional space whose distance from a fixed 
point 0 (called the center) is equal to a given 
number. The word radius may refer either to one of 
the segments OP, or to their common length r. A 
plane that intersects a sphere in just one point is 
called a tangent plane and is perpendicular to the 
radius drawn from the center of the sphere to that 
point. A plane that intersects a sphere in more 
than one point intersects it in a circle. The circle 
is called a great circle or a small circle of the 
sphere according to whether the plane does or does 
not pass through .the center of the sphere. If two 
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Segment of a sphere formed by intersection of two 
parallel planes with sphere. 


parallel planer intervp< t a sphere, the spheriral sur- 
lare between them is ealied a 7 one, and its area is 
27 rrA, where the height A <if the zone is the distance 
betneen the parallel planes. The v<»liime bounded 
by the /one and the t^o base planes is railed a 
spheiieal segment, and is measured by the formula 
F = (ttA/O) (drr' -f drj- [ A*), where ri and rj 
are the radii of the two bahe circles. It is also 
measured by the prismoidal hiimula I - (A 6) 
-f 4 A/ + where B|, B2 denote the areas of 
the two bases, and M the area ol the midseetion 
halfway between the bases. 

Anv great circle of a sphere divides it into two 
hemispheres. A second gieat circle cuts a hemi- 
sphere into two limes, each having veitices at the 
two points where the great circles intersect and 
each having an area proportional to the angles at 
the veitices between the tangents to the great cir- 
cle boiindaiies A third great circle cuts eac’h lime 
into two spherical triangles. In general a spheiical 
triangle is the figure formed b> connecting an> 
thiee points A. H, C on the surface of a sphere 
(but not on the same gieat circde) by gn*al-circle 
arcs called sides. The sides CA, AB are meas- 
ured bv the angles //, A, c that they subtend at the 
center of the sphere. If the angles between the paiis 
of sides at the vertic*es A, C respectively are de- 
noted bv Of, /?, and y lespectively, and if 2ct = a 
jS F y — 180 '^ denotes the excess of the sum of 
these angles over two right angles, then the area 
of a spherical tiiungle of excess 2fr on a sphere of 
radius / is (ct^QO^IttH (or 2crr- if cr is measured 
in radians). Important lelations between the sides 
and angles of a spherical triangle are 


l^w of sines. 


sin a sin jS sin 7 
sm a bin b sin c 


Law of cosines: 

c Oh n « cos A cos r + sin a sm b cos a 


See Si^Rt A( K and solid oi- revolution; Trigonom- 
etry, SPHERICAL. ( J.S.F.1 


Spherical and aspheric surfaces, optical 

Many common optical instruments contain optical 
inateiials having spherical surfaces with a wide 
range c»i curvatures. Such surfaces are capable of 
forming real images. A surface that is not a sphere 
is called an aspheric surface. Examples of such 
aspheric surfac*es with symmetry of rotation that 
are occasionally used in optical instruments are 
conic sections (ellipsoids, hyperboloids, and parab- 
oloids). Cvlindrical and toroidal lenses are called 
anamorphotic systems. 

Sim e it is much easier to grind and polish spher- 
ical surfaces than aspheric, ones, most optical sys- 
tems consist of lenses that are bounded by two 
spheri<‘al surfaces. These surfaces are arranged so 
that their centers lie on a line known as the axis 
of the system. The point of intersection of the sur- 
face with the axis is emailed the vertex. A plane siir- 
fac'e is generallv consideied as a special case of a 
spherical surface with center at infinih and which 
I an thercfoic be said to have an infinite radius. 

Aspheric surfaces. The ravs normal to a given 
wave siiifac'e c‘an he refiacted 01 rc^flected b\ a suit- 
able aspheric surface so that thev are normal to any 
desired wave sin face. This is most often done for 
the apeitiire rays to improve the apeiture#c»rrnrs 
and is sucresstiil wlieie ihe field to lie iinagc^d is 
very small. Thus, large telescopes aie figured bv 
hand, and conectoi plates aie added to an optical 
system If tWe unfigured system is good, the figuring 
mav not desirov the other (‘orre^ctions. This is the 
sec ret of the Schmidt camera, whii h is the best- 
known application of asphetic lenses (see S( iiMiiir 
c AMI RA ) . Aspheiii siirfai e-» can also be used to cor- 
lect the piiiK ipal rays (the lavs throiigli the renter 
of the diaphragm ) . 

Aspheric surfaies are difficult to manufacture. 
When manv identical aspheric elements aie to be 
made, special methods of grinding and polishing 
are used. For instance, templates are used for 
spec ta< le lenses and for paraboloidal and elliptical 
mirrors. Where extieme correc-lion is desired, as, 
for instame, in astronomical telescopes, retouch- 
ing by hand is the pioper procedure. For condens- 
ers and foi other lenses where extreme accuracy 
is not needed, a molding process has been de- 
veloped. Laige paraboloidal mirrors for search- 
lights and ellipsoidal mirrors for arc lamps used 
to project motion pictures are made by a “drop- 
ping’* process. A sheet of plate glass is laid on a 
suitable concave mold and heated until it softens 
and c an be sucked into the mold. 

I en.ses with more than one aspheiic surface hav^ 
been proposed and designed by M. Linnemann to 
correct aperture and first-order asymmetry errors. 
There are a few patents in which two or more 
aspheric surfaces are successfully used to balance 
errors, but a complete theory for doing this has 
not vet been developed. 

Ray-tracing formulas. To obtain ray-tracing 
formulas that are valid for all surfaces, it is con** 
venient to place the • coordinate origin at the 


vertex of the refracting (reflecting) surface, 
though for a refracting sphere alone, formulas 
with the origin at the center are somewhat simpler. 
If the z axis is in the direction of the s>stem axis 
and the x and y axes aie normal to it, the equation 
of the surface is then 

f 0 (for the plane) 

2 * p« (for the sphere of curvature p) 

5- i^pi7+ \ 

4 (for an aspheru siiiface) 

where ff « * 2 (f^ 4 f * 4 5*) (1) 

The object point and the obiect rav may be 
given by the coordinates i, > nl the intersection 
point with the plane at the veitex and the (optical 
dire< tion c osines rj, f of the ra\ The procedure 
is to find the value of a paiametei \ such that 

‘2[(t+X{)M (>+Xi;)2 ^ (Xf)'1 (2) 

and f » Xf 

fulfill El] ( 1 ) This ( an be at hic\ed b\ an iteiation 
pioce^s, starting from X =■ 0 With X found, the 
i oordinates of the point of inlersec turn 

f = X 4 Xf 

f = V 4 Xi; ( 1) 

f = XC 

are i ompiited 

Equation (1) guc‘s for the direition O of the 
unit vector along the surface normal (coordinates 
Oi, o., oo, 

(1 -I s,H2a-z)V^ 

0i = 5<f/[l f f,’(2«-5)' ' 

0,= |l +5,='(2 i7-5)1 ‘ ’ 

where 

Su ^ 2P sphere) 

= * 2 P + 4^/7 4 ^2 ‘f (f*** <*** aspheric surface*) 

« 0 (foi the plane) 

The dire* tions of the normal and of the entering 
ray being known, the refraction la\x enables the re- 
fracted rav tcj be computed 'I he c*orres ponding 
formulas are 

ly' - 1] « rOi (4) 

r' - r - ro, 

with r » n' cos i' — n eos i 

where n and n' are the refiactne indices of the 
media, separated by the lefracting surface, and i 
and i' are the angles formed by the incident and 
retracted rays with the surface normal and 

cos i * ^Oi 4 ^^2 4 

cos i' « 4 [n'* — n* 4 cos^ i\ * ^ 

Refracting aphere. Rays through the center of 
a sphere are unrefracted. The center of a sphere 
is sharply imaged, and since the sme condition is 
fulfilled, a surface element through the center is 
imaged without errois of asymmetry. 

The points having a center distance c « nV//i 
we sharply imaged upon points with center dis- 
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lance c' = nr/n\ The spheres on which these 
points respectively lie are called aplanatic spheres. 
Either the object or the image is virtual. The 
magnifii ation with which these two spheres are 
imaged upon each other is m = Again the 

sine condition is fulfilled, and thus first-order asym- 
metry errors are coi reeled. Lenses consisting of a 
refracting centered sphere or a refracting aplanatic 
sphere, or both, aie often added to a given system 
to achieve a desiied eflect without destroving cor- 
lei tions previously achieved 
Cartesian surfaces. The centered sphere and 
the aplanatic spheie are special cases of surfaces 
which image the rays coming from an object point 
so that they all converge to another point. The gen- 
eral surfai e of this kind is determined hy the fact 
that on dll rays the light path from the objei*! point 
to the surface and thence to the image point is con- 
stant 

Sue h a surfac e is m general of the fourth order. 
Por an infinitely distant object, it is" a hyperboloid. 
Foi C = 0. it bei omes the aplanatic sphere. 

The ionic sec tions are refracting cartesian sur- 
face's The lefraiting ellipsoid images the rays from 
one geoiiietrital focus to the other; the paraboloid 
images the geometrical focus sharply at infinity, 
oi lonverselv a set of parallel ra\s shaiply at the 
foe us the hvperboloid images the ray*^ from a real 
(oi vntiiaL point sharph at a virtual (or real) 
point Both points are situated at the geometrical 
foci The only cartesian suitace that is free fiom 
asymnietiy errois is the aplanatic sphere See Op- 
jus (.FOMITRII Ai |m.h.] 

Bihlwfiiui)h\ : C Caiatiieodory, Hamburgvr 
Math Einzel\(hnften. 1910, A. Gullstrand, 
k, Sivnska AkatUmy Handhnftar^ 1919; M. Linne- 
maun, Ihss Gntttngvn^ 1905; F. Twyman, Prism 
and Ltns Makings 1952; A Warmisham, British 
Patent 548730. 1942. 

Spherical harmonics 

A spherical harmonic oi solid spherical harmonic 
of degree n is a homogeneous function, Rn(xyy,z)n 
of degiee // whic h satisfies Laplace’s equation 


A/? 


d^R d^R 
dx^ dy* ^ a? 


0 


where n is any number, (x^ » i)/2 

Rn{x,y,z) is a spherical harmonic of degree 
-n — ] There are analogous definitions for spaces 
of any number of dimensions. In the present article. 
n will be a nonnegative integer and Rn, a polvno- 
midl in x, v, z (polynomial spherical harmonic). In 
terms of spherical coordinates r, d, Rn(x^Y*z) » 
r"S\,(fl,c^) where Sn, a polynomial in cos sin 0, 
cos sin is a spherical surface harmonic of de- 
gree n. There are 2n 4 1 linearly independent 
spherical surface harmonics of degree n , any spher- 
ical surface harmonic of degree n is a linear com- 
bination of these, and conversely any linear combi- 
nation of spherical surface harmonics of degree 
n is again a spherical surface harmonic of degree n. 
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Applications. Spherical harmonics occur in po- 
tential theory. They occur in connection with 
Laplace's equation not only in spherical coordi- 
nates but also in spheroidal coordinates (spheroidal 
harmonics) and confot'al coordinates (ellipsoidal 
surface harmonics). In the latter case their occur- 
rence is due to the circumstance that the natural 
affine mapping of an eilif>soid onto a sphere carries 
the partial differential equation of ellipsoidal sur- 
fac^e harmonics into the partial differential equation 
satisfied by spherical surface harmonics. In spheri- 
cal coordinates, spherical surface harmonics occur 
in connection with I-aplace's and Poisson’s eqiia- 
ticms, the wave equation, the SchriJdinger equation 
and generally in connection with partial differential 
equations oi the form SV + fir) If =■ 0. In the lat- 
ter case one has spec'ial solutions of the form 
F{r)Sui6.il>), where F satisfies the ordinary differ- 
ential equation 


’ 2 fiF 

^ r dr ^ 



1)J 


F=0 


In geometrv. spheiical smiace harmonics are used 
in the theory of surfa<*es. In mathematical ph\sics, 
spherical harmonic's appear in the theoiii*s of gravi- 
tation. cicctricilv and magnetism, livdrodviiamics, 
and in other fields. 

Spherical harmonics of degree n, Tht* equation 
J* ^ ( I cos a -f V sill u 4 fs) '/(w) du 

nith tin) iin iiitcarahic function, is a polynomial 
spherical harmonic of degree w, and every such 
spherical harmonu* can he so rejiresented. The lep- 
reseiitation is not uni(|ue. If Cn is a constant, hu 
Aj hn are n directions tnot necessarily dis- 

tinct). and d Bh denotes directional differentia- 
tion in the direction A, then 


f * 1 - - - 

” fUi • • • dhn r 

is a (Kklvnomidl spherical harmonic of degree n, 
and ever> such spheric-, 'il harnumic can be so repre- 
sented. The representation is unique. In a zonal 
spherical haimonic the n direc-tions coincide, and 
in a sec-torial spherical harmonic they are in a 
plane at angles of tt/ti. If n — m directions coincide 
in the axis and the remaining directions are in the 
plane pertiendicular to the axis at angles of tt/tw, 
one has a tcsseral spherical harmonic of degree n 
and Older ni. 

Explicit forms. For spherical harmonics whose 
axis is the z axis, (w = 0, 1, 2 n), the equa- 

tion 




(n-m)! r 

Ph” ft) 


represents a linearly independent system of spheri- 
cal surface harm«mics of degree n. Sn”* d: 5^ is a 


zonal, sec-torial, tesseral spherical surface harmonic 
of degree n and order m according as m * 0, /n = n, 
1 ni n ■— 1. The Pm”*(m 0 associated Le- 
gendre functions which satisfy the associated I.e- 
gendre equation 




dp 


Pw** = Pn is the Legendre polynomial of degree n. 

Properties of spherical harmonics. A function 
is said to be harmonic in a region if it is a twice con- 
tinuously differentiable solution of I^placc’s eipiation 
there, and if, in addition, it vanishes at infinity in case 
the point at infinity is an interior point of the region. 
Every i unction harmonic inside a sphere about the 

origin can be expanded in a series r”Sn{0.<t>) con- 

n=»0 

vergenl inside that sphere. Every iunction harmonic 
outside a sphere about the origin can be expanded in a 

series 51 conveigent outside that 

Sphere. 'Die reciproc*al distance of the points (i,>,r) 
and ((),().«) i-^ harmonic in tlie regions r a and 
r > a and possesses in these regions the expansions 


1 

Va^ 2ar cos (? -h r* 


M -r 0 “ 

I t "”m 

I » 1 } ' 


</» determine a point on the unit sphere'. The 
scalar product of two fuiif-tions, / and g, on the 
unit sphere is suitably defined as 

C/iA") “ X / . sin 0 tie il<t> 


where g is the e-omplex e-onjiigate of If (/,g) = 
0 f and g are orthogonal. Spherical surface har- 
monics are functions on the unit sphere. Any two 
spheri<*al surface harmonics of different di'grees are 
orthogonal. The spherical surface harmonics 


Sn^^iO, (f>)m = — n, — /I 4 1 n 

n = 0, 1, . . . 

form an orthf>gonal system; that is, ) = 0 

unless rn *= m' and n = n'. This orthogonal system 
is complete; that is. a continuous function which is 
orthogonal to all the vanishes identically. With 
an integrable function / is associated the Laplace 
expansion 


E E C^nSrT 


nnll ma- n 


where 


(j>Sn”) 


Under suitable conditions, the Laplace expansion 
will converge to /. For instance, if / is continuous^ 
and continuously differentiable on the unit sphere, 
then the Laplace expansion converges to / uni- 
formly. 

Let ( 00,00 ) be a fixed point, and let cos y » 
cos 0 cos 00 + sin 0 sin 0o cos (0 — 0o) be the 



spheriral distanre of (6^,0) and ( 00,^0 ). The La- 
place expansion 

P„(ros 7 ) = P„(.'o*ifl)P„(oos«o) + 2 £ J" ^ “i 

n (W + m)! 

* Pn’"(cOS flo) C«)S ni(0 — 0o) 

is the addition theorem of Legend? e poLnomiaK 
and expresses the change in a new axis thtoiigh 
the point (So,0n). Othei spherical siirfd( e har- 
monics have < 01 responding addition theorems. 

I el cos y he the spheiical distaiue of {0,<h) and 
and let K(u ) he a continuous function for 
—1 fe ^ 1. Then for an\ splierical surface har- 
monic Sn of degree n, 

ftt Px y)^n(0,<l>) sin 0 (IB fl4> XnSn(flo,0o) 
where X„ = 2v K{u)Pn{w) dw 

.See Dll IT RFMIM K^lIAMOX: PoiFNiiAis (ivrAiii- 
KMAlirs). [A.ER.1 

Hibliogmphyi P. Appel I and .1 Kainpe de Feriet, 
FoncUons hyprrf*eomotiujue\ vt h\ptn sphenquv^^ 
Pnhnomvs (FHermitt , 1926; A. KidcKi el al., 
Hiffhrr T i an St rnd filial Fniutions^ vols., 10r>,i 
MIS'): K W Hohsoii. /Vie Theon of ^phvn<at and 
kllipsnidal Hatmonit s^ I I ense, Ai/A'c/fiifiA 

tioncn^ I9S(), T M Ma< Rohcrt, .S/i/ieiim/ //i/rmon- 
Ks, 2d ed., 1917; L Piasad. 4 Treatise on Spheti’ 
(a! Harmonits and the Functions of liessel and 
Lame^ 2 vols., 1930 1932; E. T Whittakei and 
(r N. Watson. 4 Course of Modem 4nnlvsis, 4th 
ed., 1910. 

Spheroid 

A term sometimes used loosth for any suiface that 
is almost splicfical in sha|)e, liut denoting spciifi- 
(allv a surface of ie\olution foimed h\ i(\ol itig 



(b) 


Spheroids, (a) Prolate spheroid, (b) Oblate spheroid. 
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an ellipse about one of its axes. A spheioid is ob- 
late or prolate ac'cording to whether the ellipse gen- 
erating it is rotated about its minor or major axis, 
respectively (see illustration). If >- a- -f- *= 
1, Cl > fc, is the equation of an ellipse in the yz plane, 
the equation of the oblate spheioid obtained by re- 
volving the ellipse about the z axis is x^/a^ 4- 
1 2 “ /ft- - 1; the equation of the piolate 
spheroid obtained by i evolving about the y axis is 
r ft ’ 4 V- 'n- + z' /ft ‘ = 1. The volume of the 
prolate spheroid is (4^3)7rnft-, and that of the ob- 
late spheroid (4/3)7rrrft. The suifac'e of the prolate 
spheroid is 27rft- + 27r(rtft/e) atc'sin e, where eccen- 
tricity e is [fl- — ft-^l */'*/«: that of the oblate sphe- 
roid is 27ra^ 4- (irh^/e) In f (1 4- c)/(l — e) ]. 
(fravitational attraction of spheroids, a problem of 
fundamental importance in astronomy, was investi- 
gated bv Isaac Newton, A. M. Legendre (who was 
lead bv his investigations to the i lass /\ of poly- 
nomials known b\ his name), .1. L. I agrange, and 
Karl V, (>auss. See Ei Liesom and •sphfroid; Sur- 

lACE AND SOLID OF RFVOIIIIION. | L M.RL.] 

Sphingolipid 

A complex lipid which contains the amino alcohols 
sphingosine (I), dihvdrosphingosine or phyto- 
sphingosine (11 ). 

ClldCIDpCIl LIl CH Cll ClIaDH (1) 

I I 

OH NH* 

(:ii,((:iIs)m(:h ch oh cihOH (ii) 

I I ' 

on OH NH* 

Cer amides are fattv acid amides of sphrngosines. 
Oi amides of sphingosine have been isolated from 
animal lissues and aie also the basic components 
of c erelirosides (givcosides of c^etamides) and 
sphingomvelins (phosphorvi c'holine esters of cer- 
arnidesl. A hexasacc'haride phosphate ester of the 
c eraiiiides of phvtosphingosine (phvtoglvc'olipid) isi 
present in plant seeds. Since the fattv acids of the 
sphingolipids are amide bound, these compounds 
can be readily separated from those lifiids in which 
the acids are ester bound bv hydrolvtic decomposi- 
tion of the latter with dilute alkali. See (»Ly(o- 
iipid; Lipid: Phosphapidf. |h.f..(.; k.h.g.1 

Spica 

Alpha Virginis is one of the brightest and nearest 
of the hot, main-sequence stars, spectral type Bl. 
Located at a distance of 7.S parsec^s, Spica is LWO 
times brighter than the Sun and has» a temperature 
of nearly 20,0(M)"K. Spica ib a spectroscopic binar> 
of 4-day period consisting of two nearly identical 
stars. Rapidlv rotating, and relatively close, they 
are nearlv unstable and are c*onnected by streams 
of matter. The relative intensities of the spectral 
lines of the two components vary around the orbit 
because of these circumstellar streams. 

Maps of the intensit> in the fai ultraviolet (near 
1300 angstroms) obtained by Naval Research Lab- 
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Tlie oleoresins are prepared by Holvent extrac- 
tion of the spice and may be separated into two 
fractions by steam distillation. The volatile frac- 
tion which comes over in steam distillation is 
called the essential oil: the oleoresin portion re- 
maining behind is called the fixed oil. Spices vary 
markedly in their proportion of volatile to fixed 
oils as well as in their total oleoresin content. 

In the preparation of oleoresins and essential 
oils it is usual commercial practice in the Ignited 
States to remove the active flavoring constituents 
by stdvent percolation. The essential oil is then re- 
moved from the oleoresin by steam distillation. It 
is not uncommon, however, remove the i>il from 
the flavor- bearing substance by direct steam dis- 
tillation. In solvent extraction for oleoresin the 
spice material is usually ground to increase ex- 
traction efficiency. Particle si/e is extremely im- 
portant as in all solvent extraction procedures. Thr- 
time of extraction and solvent used are determined 
l)v the material being extracted. Hexane, perrhhir- 
ethvlene. tiichbn ethylene, acetone, and ethyl and 
propyl alcohols are used as solvents. Earh sphe 
presents a peculiar ptohlem; lor example, rassia 
extrart pohrnerizes readilv and if not treated 
promptly will “set up’* in the lerehei so that it is 
virtually impossible to remove. • 

Spices. The ergonomically important spices 
arc shown in the table. 


Economically important spices 


Sfiice 

Plant and source* 

Pkiiit part iisc*d 

Principal use* 

MIspiee* 

(Pwienla) 

Eyergiec*!! of rnyitle family 
from .hiinaic a and (iiiateiiiala 

Dried fruit 

Pic'kles, roast meat, catsup 

Anise* 

Parsley family from lVl<*diter- 
runean 

See*d 

Baked gcM>ds, Anisette*, a 
liqueur 

Basil 

Mint family giown in United 

LfMves and tender 

Sauces and soups espf*cially 


Slates <ind many other paits 
of world 

stems 

tomato based 

Bay 

Eyergreen of laurel family 
from Mediteirai]c*an, Turkc*y, 
(i recce*, and Portugal 

Leaf 

Pic kies, stews, soups and 
sauces 

Caraway* 

Biennial of pHrsle*y family 
from north c*eritral Eiirofie 
and south England 

Seed 

Bread and baked goods, 
clieese and stiuc'es, in Kum- 
mel, a liqueur 

Cardaiiiou* 

(linger family from (iuate- 
mala and India 

Seed 

Baked gcnids and in cxifTee 
blends, curry powders 

(^.ayenne 

('apsiemrn family grown oyer 
most of the world (napie used 
for those high in faingency) 

Pod or fruit 

Many foods, pickles, flauc*e$, 
meats, curry powder 

(leh'ry* 

Parsley family principally 
from France and India 

Seed 

Sauces, salads, pickles, and 

SOIlflS 

Cinnamon* 

Evergreen inemhei of laurel 
family from Ceylon 

Bark 

Bakixl goods, pic'kles, candy 

('loyea* 

Eye*rgieeii tree of the myrtle 

Unofiened bud 

Pork pniducts, pickles. 


family fiom Madngasc'ur and 
Zanzibar 

flower 

stews, meats and gravies 

Coiiunder* 

Plant of fiarsley family from 
\ iigoslayla and Moixmm'o 

Dried fruit 

Frankfurters, bologna, 

Imked goods 

Cumin* 

Anniiril plant of parsley family 
from Iran and Moreweo 

Dried fruit 

Chili powder 

Dill* 

Member of parsley family 
from India and d(»me8tic 
sources 

Sc*ed and leaves 

In pickles, soups and sauces 


oratory rockets show that Spica is surrounded by a 
large nebulosity of unknown nature and origin. See 
Star. [ j.l.gr.] 

Spice and flavoring 

Substances added to food to enhance savoriness. 
Spices are aromatic vegetable materials used for 
food seasoning. Flavorings are compounded blends 
of materials used to produce particular flavors or 
simulate other known flavors. 

A spice may be derived from any part of the 
plant: leaf (bav), flower hud (cloves), fruit (pi- 
mento), bark (cassia), rhi/A>tne (turmeric), root 
(horseradish ), or seed (anise). Spices may be used 
whole as are caraway and floppy seed, or giound as 
is cinnamon bark. With the exception of red pcfi- 
pers and a few others, spices usf*d in the United 
States are imfiorted, since most grow in tiofihal oi 
subtropical climates. In the food industry spues 
are used in manv physiial states. Besides in the 
whole and ground (*onditions, spices aie pnw iired 
as mixed materials ready for use. 'Inhere has been a 
growing use of spice extiacis, or oleoiesins eithet 
as such, or spiead on the suifa<e of sugar, salt. oi 
dextrose to make so-< ailed “sohilile spice**-.” 'I'hese 
have the advantage of showing no *-pe( king in light- 
eolored foods. Premixed oleoiesins ate availalile 
for use in such piodiicts as canned foods and pic'k 
les. 
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Economically Important apicoa (cont.) 


Spice 

Plant and source 

Plant part used 

PriiK'ipul use 

Fennel* 

Perennial of parsley family 
from India and Rumania 

Seed 

Baked goixls, salad dress- 
ings, meat products 

(iarlic* 

Member of lily family from 

U.S, and Mediterranean 

Bulb 

Baked meats, sauci's, dress- 
ings, sou|>s and so on 

(linger* 

'Fiiberoiis iierennial from Ja- 
maica, India, and Africa 

Rliizorne 

Soft drinks, baked g(X)ds, 
pickles, puddings 

Mace* 

IVopicul tree similar to rho- 

Aril covering nut- 

Baked g(x>d8 and proc'essed 


dodendnai from Indonesia 
and West Indies 

meg 

meats 

Marjoram 

Perennial of mint family from 
France, Peru, and flhile 

lj(*aves 

Soups, st(*ws, and sauces 

Mint* 

Peremnial herb of many varie- 
ties grown in li.S. 

D'aves 

Confec'tions, sauces, jellies, 
and gums 

Mustard* 

Annual of mustard fainily 
from I'.S. in Montana and 
Calif. 

Sissls 

Sauc'es, baked meats, and 
processed meats and 
gravity 

iNiitincg* 

IVopical tn*e similar to rhodo- 
dendron from Indonesia or 
West Indies 

Seed 

Baked goods, processed 
meats, fruit snui 

( IrogaiM) 

Perennial of mint family from 
li.S., Mexico, Italy, and 
France 

licaves 

Sau(‘es, Kt(‘ws especially 
those tomato liased 

l^ipiika 

Member of capsicum family 
from Spain, C.S., and lliin- 
#4ury 

Pod or fruit 

For hkI colored dressings, 
sau(‘es, meats, and (‘ondi- 
nients as (‘atsup 

Fcppcr* 

P<Tennial (‘limbing v iia* from 

B(»rry (biac'k); 

Endless use in virtually all 

black 

India, Rorius), Malaya, and 

berry with cortex 

food produces, and table 

white 

1 ndoiu^sia 

removed (white) 

use 

Po|)py seed 

Annual of |K)ppy family from 
Poland, Arg(Mitina, Iran, and 
'I'urkey 

Seed 

Toppings for bak(*d goods 
and c'onfectioiiB 

Rnseinaiy 

10\ergreen of mint family 
fr<»m France, Spain, and 
Portugal 

U*af 

Meats, sauces and gravies 

SaiTroii* 

Plant of crocus famil> from 
Spain 

Stigma of flower 

Coloring nee and other spe- 
cialties 

Sage* 

Meniln^r of mint family from 
Dalmatia, Oeece, and Y iigo- 
slavia 

lueaf 

Sausage, poultry and fK>id- 
try stufling 

S»t\ory 

Member of mini fainily from 
France and Spain 

D*af 

Meals, stuffings, salads, and 
sauces 

Sesame 

From sesame plant in t\S., 
■Nicaragua, Salvador, Kgypt, 
Brazil 

Seed 

Baked goods and confec- 
tions 

Thyme 

Perennial of mint family from 
Fiance and li.S. 

l^if 

Sauces for shellfish and with 
fresh tomato 

'rurriieric* 

Member of ginger family from 
India, Haiti, Jarpgica, and 
Peru 

Rhi/.onie 

Y ellow color in pi(‘kles, 
sauc(*s, and fish 


* See individual articles for further inforiimtion. 


Flavoring. A great deal has been written on the 
use of various flavoring materials, but much of the 
field remains in the art state and reliance is 
placed on experienced personnel with knowledge 
of the materials available and of the nature of the 
finished products desired. 

Flavor ester mixtures are flavoring materials 
which closely resemble the flavor and odor of natu- 
ral herbs, nuts, fruits, and seeds. A solution of fla- 
vor ester mixtures in alcohol is known as a flavor 
extract; a flavor ester mixture in a solvent other 
than alcohol is termed a “flavor.'* 


Blended flavorings are mixtures of natural and 
synthetic compounds. These may be naturally oc- 
curring substances, such as lemon oil; substances 
like eugenol, isolated from naturally occurring fla- 
voring materials; substances like vanillin^ pre- 
pared synthetically but also occurring in natural 
material; or synthetic substances, such as methyl 
anthranilite used in grape essence. Methyl anthra- 
nilite is also used in banana, currant, and melon 
flavors. Compounding these materials calls for 
careful balancing of the ingredients. See Citrus 
flavoring; Food engineering; Food manufac- 
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TURING; Sklt (food) ; Vanilla extract; see also 
FiS$F:NTiAL oils; Ester. [r.e.m.1 

Bibliography i E. Guenther, The Essential Oils^ 
voK. 1-6, 1948-1952; M. B. Jacobs Synthetic 
Food Adjuncts^ 1947; L. W. Jones (ed.), Treas- 
uty of Spices^ 1956. 

Spider 

Anv meinber of the order Arancae, class Arachnida, 
phylum Arthropoda. Spideis are worldwide in their 
distribution, and are among the most common land 
animals. There are about 20,000 sp«‘cies. Most of 
them are terrestrial. 



Spider, (o) Tarantula, Aphonopelma (Eurypelma) cah 
fornica; length to 2 in. (b) Wolf, Lycosa helluo; length 
to in. (c) Balloon, Erigone autumnalis; length to 
in (d) Black widow, Latrodectus mactans; length to 
in. (From E L Palmer, Fieldbook of Natural History, 
McGraw-Hill, 1949) 

.Spideis are predatory, carnivorous animals, sub- 
sisting almost entirely upon inserts which the\ 
catih in a varied of nays. They are useful animals 
in their predator \ activities upon harmful insects, 
although the\ do latch and eat useful insects as 
well. 

A vcrv tew spiders have bites that are dangerous 
to man although anv bite is a potential source of 
inflammation. The only reallv dangerous spiders 
are the four members ot the genus Latrodectus, 
Most common of these is L. mactans^ the black 
widow spider. 

Morphology. As Arthropoda, spiders have a 
chitinous exoskeleton, although it is thin and weak, 
making them **oft-bodied animals. Thev also possess 
jointed appendages, but in common with other 
Aiachnida there are no locomotoiy appendages on 
the abdomen. Then eye® are simple; the cuticle is 
often equipped with sensory hairs or scales; they 
lack gills: and they are rnostl\ oviparous. There is 
no metamorphosis. 


Spiders are distinguished from other Arachnids 
by lacking visible segmentation on both the cepha- 
lothorax and abdomen, which are joined by a nar- 
row waist. They produce silk from spinnerets on 
the abdomen. Eggs are frequently laid in cocoons. 
There are other technical distinctions, including a 
pair of poison claws on the short chelicerae. 

Although all spiders spin silk, only a few spin the 
elaborate webs usually associated with spiders. 
Best known of the web spinneis are the orb weav- 
ers. Spider web silk is sometimes used as «*ross 
hairs in delicate optical instruments. Manv species 
lie in hiding for their prev. while otheis stalk their 
victims. They may either jump on their prev, like 
the jumping spiders, or run it down like those of 
the genus Lytosa. 

Common species. Among the moic interesting 
spiders in the United States are the trap-door 
spiders. Bothrunyrtiim falifornirum, of the South- 
west. These spiders live in burrows, covered bv a 
silken trap door, whhh they can hold closed from 
inside. They make quick, short dashes from their 
burrow to capluie food. 

The (ommonlv feared tarantulas of the South 
west, Aphonopelma (Eurypelma) rnhfotnira, are 
of little danger to man. and their bite is no worse 
than the sting of a wasp Theii venom, how^vei 
quickly overf)()wers most inveitebrates and some- 
times even small mue. snakes, and li/aids The 
black widow spidei carries a verv toxic venom, and 
numerous df*aths have been i aused bv its bite This 
species langes fiom Canada southward into South 
America and occurs in the Hawaiian Islands. It is 
most <‘ommon in the southwestern ITriited States, 
but is also found in the Middle West and East. Onlv 
the females bite. Thev are plump, black spideis 
with a bodv about in long, marked with a red 
hourglass on the under side »>f the abdomen. A 
similar, hannlesw species has red markings on the 
upper side of the abdomen. I ike manv othei spi 
ders, the males are about half as large as the fe- 
males, and are eaten bv the female after mating 

Among the few aquatic spiders are the interest- 
ing water spiders of the genus Dolomedes, These 
animals build a silken nursery under water into 
which thev laboriouslv carrv bubbles of air and 
where thev deposit their eggs. Thev also construct 
similai underwater rafts from whii’h thev make 
foiavs to catch aquatic* insects and planktonic ani- 
mals for food. 

Ballooning, the technique of spinning a long 
strand of silk and then liding this strand on the 
wind, is employed by the voting of manv species of 
spiders as a method of dispersal. Individuals mav 
be carried great distances in this manner. See 
Akaneae. f J.lLB.l 

Spilite 

An aphanitic (microscopically crystalline) to very 
fine-grained igneous rock, with more or less altered 
appearance, somewhat resembling basalt but com- 
posed of albite or oligoclase, chlorite, epidote, 
calcite, and actinolite. * 



In spite of the highly sodic plagioclase, spilites 
are generally classed with basalts because of the 
low silica content (about 50%). They also retain 
many textural and structural features characteristic 
of basalt. 

Under the microscope, laths of albite or oligo- 
clase usually appeal clouded or closely associated 
with abundant epidote. calcite, and chlorite. Actin- 
olite and additional chlorite and epidote appear to 
have formed from augite, and small relic grains of 
augite may survive. Olivine is uncommon and has 
usually been changed to serpentine. Certain tex- 
tures of basaltic ro(*ks may still survive; others 
may be completely destioyed. 

Spilitos form small intrusive masses (dikes and 
sills) as well as lava flows. Intrusive spilites ap- 
pear to grade into diabase; flows grade into ba- 
salts. Spilites are most commonly and abundantly 
associated with stratified rocks of geosvnc lines and 
may have had a submarine oiigin (4ce Cfosyn- 
c LiNF ) . Pillow structure, in which the rock appears 
composed of closely packed, pillow-shaped masses 
up to a few fec*t aciosw. 'm tvpiical and more per- 
fecll> ilevcioped than in other rock types. Vesi- 
cules, commonly filled with various minerals, may 
give the rock an amvgdaloidal structure (see 
AWYCrDlJl t ). 

Spilites are genet all> believed to represent roc*ks 
of basaltic composition in which calcic plagioclase 
(labradorite) has been c'onverted largely to albite. 
Mhiti/ation may have been aciomplished during 
the late stages of crystallization of the basaltic lava 
or shortly thereafter. Sodium from the sea water 
may have gradually leplaced calcium m the plagio- 
f lase to form albite, and some of the displaced 
cah ium may have gone to form epidote and calcite. 
Another source for recpiisite sodium may have been 
emanation from deeper masses ot molten rock. 

A less popular theory supposes spilite to form by 
diiect crystallization of spilitic magma (rock 
melt ) , hut the origin of such a magma poses some- 
thing of a iiroblem. Many so-called spilites may be 
of metamorphic and metasomatic oiigin; they 
may have formed by reconstitution and partial 
placement of normal basaltic rocks. .See Basalt : 
Igneous roc ks; MtTAMORPiiisM; Mfi^somaiism; 

PFrROCmAPHir PROVINfF. fC.A.CA.! 

Spin (quantum mechanics) 

The intrinsic angular momentum of a particle. It 
is that part ot the angular momentum of a particle 
which exists even when the particle is at rest, as 
distinguished from the orbital angular momentum 
{see Angular momfntum). The total angular mo- 
mentum of a particle is the sum of its spin and its 
orbital angular momentum resulting from its trans- 
lational motion. The general properties of angular 
momentum in quantum mechanics imply that spin is 
quantized in half integral multiples of ft (ft = ft/ 2 *, 
where A is Planck’s constant) ; orbital angular 
momentum is restricted to half even integral mul- 
tiples of ft. A particle is said to have spin 3/2, mean- 
ing that its spin angular momentum is VJi- 


Spinach 615 

A nucleus, atom, or molecule in a particular 
energy level, or a particular elementary particle, 
has u definite spin; for instance, a deiiteron has 
.spin 1, a {Li'* nucleus in its ground state has spin 
3/2, and an electron has spin 1/2. The spin is an 
intrinsic or internal characteristic of a particle, 
along with its mass, charge, and isotopic spin. .See 
IsoiOPK spin; SyMMF FRY LAWS (PHYSICS). 

A particle of spin s has 2s + 1 spin states, since 
according to quantum mechanics the projection of 
an angular momentum of magnitude / along an 
axis can have the 2; 4 1 integrally spaced values 
/,/ — !• • • —y 4- 1, — y. These spin states repre- 
sent an internal degree ol freedom of a particle, in 
addition to its external freedom of motion in 
3-diinensiondl spare. 

In field theory, in which particles aie regarded 
as quanta of a field, the spin of the partii le is 
determined h\ the tensor character of the field. For 
instance, the ijuanta of a scalar field have spin 0 
and the quanta of a vector field have spin 1. A 
celebrated theorem of quantum field theory, proved 
fiist b> W. Pauli, states a connection between 
spin and statistics* a pat tide with half even inte- 
gial spin obeys Bose Kinstein statistics and is 
f allc'd a bi>->on; a particle with half odd intc^gtal 
spin obevs Fermi-Dirac statistics and is called a 
feiiiiion. See (.>uaniiim siaiishis; see also Ei EC- 
JRON spin; QiJANIUM FIFLP IIIFORY,* (QUANTUM 

[c.J.G.l 

Spinach 

A cool-season annual of Asiatic* origin, Sptnana 
oleratea, belonging to the plant order Centrosperm- 
ales. It is grown for its foliage and served as a 
c*ooked vegetable or as a salad (see Annual 
PLANTS). New Zealand spinach, Tetrof^onia ex- 
pansa, and Mountain spinach. 4 triplex hortense, 
are also called Npinarh but are less commonly 
grown Spinach plants arc usually dioecious. See 
Flowi r (botany). 

Propagation is hs seed, commonly planted in 
rows that are 10-20 in. apart. .Sc'c Stii) (botany). 
Cool weather favors maximum production High 
temperatures and long daylight periods encourage 
seedstalk formation and reduce vegetative growth 
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( w Phot opt riodinm ) Fall seeded spmai h is over 
wintered and harvested in the spring in areas where 
the weather is mild or the crop is protected by 
snow cover bee Vfgftabu growing 

Varieties are classified according to (1) seed 
(smooth or prickly), (2) leaves (smooth or sa- 
voyed), and (3) seeding Undencies (eaily or late, 
or long standing) Popular vaiieties for frc-sh mar 
ket are long Standing Bloomsdale and America, 
for canning, Hollandia and Virofla\ Certain hvbrid 
vaiieties now under investigation look promising 
Harvesting by hand or machine begins when the 
plants have reac hed full si/e and before scedstalks 
form, usuail> 4(>-S0 da vs after planting 

In the United States, the average annual value of 
spinach for fresh market is approximately $11 000 
000, Texas and Pennsylvania are the important 
producing states The nation’s average annual farm 
value of spinach for canning is about $3 000 000 
with California and Oklahoma the primipal prodiic 
ing states See Cfn irospfrmai fs [h T r ] 

Spinal cord 

Ihe lower extension of the central ntr>ous s>stem 
loc ated in the spinal canal of the vertebral column 
It contains tnajoi sensory and motor fibers and 



Brain and spinal cord (ventral aspect) Nerve roots 
and thief autonomic ganglia are shown (After H Mor- 
ns and A Thomson, H V Neat and H W Rand, Com 
parattve Anatomy, Blakiston^McGraw^Htff, 1936) 


nerve cells in its white (outer) and gray (inner) 
portions, respectively Sensory elements are pos 
tenor, motor elements are anterior I* unct tonally 
and anatomically the cord is bilaterally symmetii 
cal, and selves each half of the bodv with 31 spinal 
nerves (in man) that emerge from between suc- 
cessive vertebrae Jbese contain representative 
motot and sensory fibeis ior each body segment 
The former primarily supply muscles and glands 
whereas the latter carry sensations of pain, pres 
sure, and touch fiom petipheral sense organs In 
the adult the cord extends from the skull to the 
second lumbar vcTtebra See (fnirai nfrvois 
sysiFM 

All vertebiates display a similar basu pattern 
with variations typical of specific classes and oi 
ders I F G SI J 

Spinal cord disorders 

In addition to those disorders eommon to the brain 
the spinal cord is subject to certain lesions be 
cause of jls position oi siriicture A few of iht 
mote important aic mentioned 

Injury. Spinal coul iniiiry results horn rlisloc a 
tion fractiiie or compression in many cases but a 
special toim callid spinal shock mav lesnl^lrom 
cl sevtic lilow withcMit actual distortion of idiiccnt 
tissue in this (ase llitic is a tempoiaiv puialysis 
which gtadiiallv clears m a length of time related 
to the seventy ot the paialvsis In diiect damage 
the cold may ht slightly partialh oi coniphtrlv 
d imaged it one or more levels lypnal motor and 
scnsciiv losses follow with a poof prognosis foi 
iccoverv il the nerve tissue is seven Iv in)urtd 
(Ic f (isioiially similar damage niav result fiom a 
hernorilidge produc cd by in) my 

\ fairly common tvpe of potential cord injiiiv is 
seen III a number of cases of slipped disks in which 
the inner ‘^oft part of the verlthial column ex 
Iriides into the spinal canal If this compressts the 
cold functional loss of temporary or peimaiient 
degree can follow more often pie^^sure is exerted 
on spinal roots set that jiain numbness and some 
tvpe of muse le weakness intervene 

Tumors. Spinal cord tumors are not infieqiieiil 
and most of these are of two types the metastatic 
fiom d pnmary scMiice elsewhere in the body and 
the tumors of the meninges oi < onnec tive tissue 
lelated to the coid The latter include neiirofibro 
mas meningiomas and gliomas whic h oc c iir most 
often The signs and symptoms and the extent of 
damage relate laigelv to the physical compression 
of the c ord at a particular level Sec 1 (imor 

Congenital defects. A few of the more c ommon 
congenital defects involving the cord include an 
line losed neural canal or spina bifida, and redupli- 
cated or otheiwise malformed cords, such as those 
caught in an externa] sac of other tihsues the 
meningomyeloc oele See Tfratogf nf sis 
Inflammation. Inflammations mav result from 
known oi unknown agents and in meningitis mav m 
volve primarily the covefings, in myelitis, the cord 



itself. The meningococcus, pneumococcus, strepto- 
coccus, tubercle bacillus, and other mil roorganisms 
frequently cause meningitis. The most widely 
known cause of myelitis, of course, is the polio- 
myelitis virus group, although other agents will 
also produce inflammations, such as typhus. Rocky 
Mountain spotted fever, and Treponema pallidum, 
the cause of syphilis. Malaria, amebiasis, trichi- 
nosis, elephantiasis, toxoplasmosis, and blastomy- 
cosis may display their effects on the spinal cord. 
See Amfbiasis; Bi astomyiosis; Fiiariasis; Tox- 
oplasmosis; TrK HINOSIS. 

Vascular diseasas. Nut uncommonly motor or 
sensory defii its in the spinal cord may result fiom 
specific vascular diseases and from such nonspe- 
cific conditions as injury, aneurvsms, or congenital 
defects, and rarely, fiom blood \essei tumors 
Nerve tract degeneration. An ill-defined group 
of disorders characterized by degeneration of 
nerve tiacts or myelin sheaths of the cord is found 
more often than one would su-^pec t In these, some 
unknown or poorly understood met hanism c auses 



Three-quarter back view of the vertebral column. (From 
W. r. Foster, Anatomy, Fostor Art Service) 
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the deterioration of cells and fibers so that function 
is altered, then lost, and the nervous tissue is either 
replaced by a scar or a softening or cystlike area 
remains. Multiple sclerosis, combined degeneration 
associated with pernicious anemia, Parkinson's dis- 
ease, postinfectious encephalomyelitis, and syrin- 
gomyelia are examples. See Multiple sclerosis; 
Parkinson’s disease. 

Drugs. Finally, the effect of drugs or chemicals 
and metabolic disorders is often seen as cord de- 
pression or stimulation witli variable prognoses 
and permanence of effects These include alcohol- 
ism, carbon monoxide poisoning, lead intoxication, 
vitamin defir iency, and certain familial diseases. 
See Spinal lord. [e.cst.] 

Spine 

The backbone, or vertebral column, composed of 33 
\eitebrae in man These include 7 cervical (neck), 
1? thoracic, 5 lumbar, S sacral, and usually, 4 
cocevgeal vertebrae The cervical -segments curve 
forward, while the thoiacic segments curve back- 
ward and also aiticulate with the 12 pairs of ribs. 
The heav\ lumbar vertebrae of the loin are sup- 
ported by the fused sacral bones which form the 
rear wall of the pelvis The coccyx consists of a 
small, curved group that forms a semiflexible ‘Hail" 
at the ba«-e of the spine Despite common general 
features, the vertebrae varv in shape and size. 
Their thick anterior bodies form the vertebral 
column and aie separated by cartilaginous inter- 
vertebral disks 

The spine is the characteristic structure of all 
vertebrates, but wide variations in numbers of ver- 
tebrae and development of particular regions are 
common Most classes, however, present a fairly 
typic al pattern for that group of animals. See Ver- 
iFRRA [e.g.st.I 

Spinel 

A mineral with composition essentially MgAUOi, 
ctmsidered as a multiple oxide, MgO’AUO^. Other 
multiple oxide minerals with the spinel structure 
type having the general formula A^*B2"*04 are 
said to belong to the hpinel Group. There is nearly 
complete substitution of the divalent elements in 
the A'^ position but only limited substitution of 
the trivalent elements in the B^*' position. The 
extensi\e solid solution in this group gives rise to 
a considerable range in the color and specific 
gravity, which largely depend on chemical com- 
position. The spinel minerals crystallize in the 
isometric system, usually in octahedrons, more 
rarely in twinned octahedrons (spinel twins). 
Magnetite. FeFe204, an important iron ore min- 
eral: chromite, FeCr204« the ore mineral of 
chromium; and franklinite, ZnFe204, a zinc ore 
mineral at Franklin, New Jersey, are important 
members of the Spinel Group. 

The individual mineral, spinel, has a hardness 
of 8 on Mohs scale, and the specific gravity varies 
from 3.5 to 4.1, depending on the composition. 
Its luster is vitreous, and the color may be 
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Crystals of spinel, (a) Dodecahedron with small trun- 
cations. (b) Twinned octahedrons or spinel twins. (From 
C. S. Hurlbuf, Jr., Dana's Manual of Mineralogy, 16th 
ed., Wiley, 1952) 

white, red, purple, blue, green, brown, or blaek. 

Pure *'pinel, MgAl^Oi, rare, and there is usii- 
allv considerable substitution of ferrous iron and 
manganese for magnesium and of ferric iron and 
chromium for aluminum. Ruby spinel is the red, 
nearly pure magnesium variety; pleonaste is the 
dark green to black iron spinel; and ]iic«>tite is the 
\ellow lo greenish-brown chrome spinel. 

Spinel occurs as an accessoiy mineral in some 
dark igneous rocks but is more common as a mela- 
nu»rphic mineral in crystalline limest<ines and 
gneisses. It also forms as a contact inetamorphi* 
mineral associated with phlogopite, pvrrhotite. 
chondrodite, and giaphite. Transparent and fine 
colored spinel, most of which is found in rolled 
pebbles in stream gravels in Ceylon, Siam. Burma, 
and Madagascar, is used as a gem stone, (iem spi- 
nel is manufactured in the same manner as corun- 
dum by the Veineuil process. See Cr.M; (*em, 
MAlVirtACIlTRLD. | C. s. HlfKLBUT. .JK. | 

Spinning (textile) 

The making of thread or yarn for weaving and sew- 
ing from any of several fibrous materials bv draw- 
ing the fibers out of the carded f cleaned and un- 
tangled ) mass of raw material and attenuating and 
tw'isting them for strength, evenness, and finenes.s. 
Spinning writh a single spindle and wheel was es- 
sentiallv unchanged until the eighteenth century, 
when Richard Arkwright developed the water- 
twist i>r )a< k frame (17691 for continuous spinning; 
James Hargreaves, the jennv (1767) for operating 
inan\ '^pindles at once; and Samuel Crompton, the 
mule (1779) for fine spinning. After the intro- 
du<‘tion of ring spinning and the traveler by an 
American, John Thorp, in the 181-Os, and of elec- 
tric power operation a few decades later, the de- 
velopment of modern high-speed automatic spin- 
ning machines was swift and dramatic. Since 1950, 
centrifugal pot spinning has sped up the process 
greatly b> eliminating the need for spindles, rings, 
travelers, and bobbins in manv applications. See 
Textile. [ c. con klin | 

Spinning of metal 

A production technique for shaping and finishing 
metal. In the spinning of metal, a sheet is rotated 
and worked by a round-ended tool, controlled man- 


ually or mechanically. The sheet is formed over a 
mandrel. 

Spinning operations are usually carried out on a 
special rigid lathe fitted only with a driving head- 
stock, tail spindle, and tool rest. Surface speeds of 
500 5000 ft /min are used, depending on material 
and diameter. The work is rubbed with soap, lard, 
or a similar lubricant during working. The opera- 
tion can be set up quickly, and thus is desirable 
for short runs or for experimental units subject to 
change. Spinning may serve to smooth wrinkles in 
drawn parts, provide a fine finish, or complete a 
forming operation as in curling an edge of a deep- 
drawn part. Other operatiops include smoothing, 
necking, bulging, burnishing, beading, and trim- 
ming. Spun products range from precision reflec- 
tors and nose cones to kitchen utensils. Such mate- 
rials as steel, aluminum, copper, and their softer 
alloys are spun in thicknesses up to H in. It may 
be necessary to anneal the metal during the spin- 
ning. See SfiFiT metal iorminc. 

[n. L. hREEMANj 

BibUofiiaphy. ASTE Handbook Committee, Tool 
Engineers Handbook^ 1949. 

Spinor 

A f*omidex veitor whose transformations, in a two- 
dimensional space, are intimately connected with 
three-dimensional rotations in physical space. 
More precisely, to every three-dimensional rotation 
R there I'onesponds a spinor transformation S, 
suih tliat ii R\R 2 - Ri, .S’iSj == that is spinors 
vield a two-dimensional representation of the group 
of three dimensional rotations. 

Spinor representations are two-valued, namely 
after lotation through an angle 27r about the z axis, 
(which in physical spac‘e is equivalent to no rota- 
tion at all) a spinor is transformed into its nega- 
tive. As a result physically measurable (piantities 
(which cannot change if there has been no rota- 
tion) never transform like spinors or like odd 
powers of spinors, but may transform like even 
powers of s))inors. For instance the two-component 
wave function of a particle of spin 1/2 (in units 
of h/2ir) transforms like a spinor and is not di- 
rectly observable; its square, which represents the 
probability density, is. In fact from even powers of 
spinors expressions can be constructed which 
transform like any of the directly observable 
scalars, vectors, tensors, etc. of classical physics. 

[e. cerjuoy] 

Bibliography: W. T. Payne, Elementary spinor 
Theory, Am. J. Physics, vol. 20(5) :25^262, 1952. 

Spinulosida 

An order of Asteroidea in which pedicellariae 
rarely occur and are never of the crossed type. 
The marginal plates bounding the arms and disk 
are small and inconspicuous. Papulae are usually 
present on both the upper and lower surfaces. On 
the upper side the spines usually occur in groups 
and are not surrounded by wreaths of pedicellariae 
(see illustration). The tube-feet have suckers and 
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Spinulosida. (a) Clusters of spinules on the loosely ar- 
ranged plates of the aboral surface in Penbohster 
licfor. (b) Crossaster japonieus. (c) Echinaster far- 
quhari. (d) Webbed adambulacral spine fans and oral 
spines of Pferasfer bathamL 


usually lie in twu longitudinal rows along the 
ambulacral groove. The order includes 11 families 
in existing seas at all deptlis except the ultra- 
abyssal. The best-known groups are the sun stars 
I Solasteridae ) , the starlets (Asterinidae), and the 
deep-water Pteiasteiidae. The last have webbed 
spine fans and cany the brood in a pouch on the 
upper sill face ol the bod>. See Asilroidea. 

[h. b. fell] 



